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This  volume  is  a  collection  cl  articles  based  upon  lectures  presented 
at  the  Thirteenth  Science  Seminar  of  the  Air  Force  Office  of  Scientific 
Research,  held  at  Albuquerque,  New  Mexico,  in  June  1968.  The 
seminar  was  held  in  cooperation  with  the  University  of  New  Mexico 
and  the  Air  Force  Special  Weapons  Center. 

These  seminan  have  been  planned  to  assist  in  breaking  down  bar¬ 
riers  to  the  flow  of  ideas  between  different  specialized  areas  of  sci¬ 
entific  knowledge.  Interdisciplinary  in  character,  their  programs 
have  consisted  of  reports  on,  and  discussions  of  basic  research  across 
the  spectrum  of  Air  Force  interests.  They  have  dealt  with  funda¬ 
mental  ideas  in  science—not  in  hardware  or  gadgets  or  instrumenta¬ 
tion  or  weapons  systems-important  though  all  these  may  be.  The 
lecturers  have  been  internationally  known  in  their  fields  and  the  re¬ 
search  done  by  most  of  them  has  been  accomplished  with  AFOSR 
support. 

This  book  is  not  a  verbatim  transaipt  of  the  lectures  which  were 
presented.  Instead,  its  chapters,  written  after  the  conclusion  of  the 
seminar  by  the  people  who  appeared  on  the  program,  are,  in  the 
main,  digests  of  what  was  discussed  in  the  lectures  and  in  the  discus¬ 
sion  periods.  Collectively,  they  record  a  substantial  measure  of  sci¬ 
entific  achievement.  Such  a  record  is  important,  since  world  progress 
over  the  past  scveial  centuries  has  been  greatly  affected  by  advance¬ 
ments  in  pure  science. 

I  am  greatly  indebted  to  my  wife,  Rena,  who  assisted  in  preparing 
the  manuscripts  for  publication  and  to  Mrs.  Ann  Masi  and  Miss 
Shirley  M.  Farmer  for  their  assistance  in  reading  proof. 


D.L,  A. 


Arlington,  Virginia 
November  1968 
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L  Inquiries  Into  the  Foundations 
of  Science 

Wesley  C.  Salmon 


In  1950,  L,  Ron  Hubbard  published  his  book  Dianetics,^  which  pur¬ 
ported  to  provide  a  comprehensive  explanation  of  human  behavior, 
and  which  recommended  a  therapy  for  the  treatment  of  all  pr/chclog- 
ical  ills.  According  to  Hubbard’s  theory,  psychologic,!  1  difficulties 
stem  from  "engrams,"  or  brain  traces,  that  are  the  results  o!  experi¬ 
ences  the  individual  has  undergone  while  unconscious  due  to  sleep, 
anesthesia,  a  blow  to  the  head,  or  any  other  cause.  Of  particular  im¬ 
portance  are  those  that  occur  Irefore  birth.  Hubbard  gives  strikingly 
vivid  accounts  of  life  in  the  womb,  and  it  is  far  from  idyllic.  There  is 
jostling,  sloshing,  noise,  and  a  variety  of  rude  shocks.  Any  unpleasant 
behavior  of  the  father  can  have  K*rious  lasting  elTects  upon  the  child. 
On  a  Saturday  night,  for  example,  the  father  comes  home  drunk  and 
in  an  ugly  mood;  he  beats  the  mother  and  with  each  blow  he  shouts, 
"Take  that,  take  thatl"  The  child  grows  up  and  becomes  a  klepto¬ 
maniac. 

It  is  perhaps  worth,  remarking  that  the  author  of  this  work  had  no 
training  whatsoever  in  psychology  or  psychiatry.  1  he  basic  ideas  were 
first  published  in  an  article  in  Astounding  Science  Fiction.  In  spite 
of  its  origins,  this  book  was  widely  read,  the  theory  was  taken  seriously 
by  many  people,  and  the  therapy  it  rcconimeiided  was  practiced  ex¬ 
tensively.  A  psychologist  friend  of  mine  remarked  at  the  time,  "I 
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«n’t  condemn  iliij  theory  before  it  is  carefully  tcited,  but  after- 
Wiirds  1  will.'* 

In  the  same  year— it  seems  to  have  Iroen  a  vintage  year  for  things 
of  this  sort— Immanuel  Vclikovski  |>ublishcU  Worlds  in  Collision,*  a 
book  that  attempted  to  account  fur  a  number  of  the  miracles  alleged 
in  the  Old  Teslomenl,  siuh  as  the  flood  and  the  sun's  standing  still. 
'I'his  latter  miracle,  it  was  explained,  resulted  from  a  sudden  stop  in 
the  earth's  rotation  about  its  axis  wb'ch  was  brought  about,  along 
with  the  various  other  cataclysms,  by  the  very  close  approach  to  the 
earth  of  a  giant  come;  which  later  became  the  planet  Venus.  One  of 
the  chief  difficulties  encountered  by  Velikovski's  explanation  is  that, 
on  currently  accepted  scientific  theory,  the  rotation  of  the  earth  simply 
would  not  stop  as  a  result  of  the  postulated  close  approach  of  another 
large  body.  In  order  to  make  good  his  explanation,  Velikovski  must 
introduce  a  whole  body  of  physical  theory  which  is  quite  incompatible 
with  that  which  is  generally  accepted  today,  and  for  which  he  can 
summon  no  independent  evidence.  The  probability  that  Velikovski's 
explanation  is  correct  is,  therefore,  no  greater  than  the  probability 
that  virtually  every  currently  accepted  physical  theory  is  false. 

Before  the  publication  of  the  t^k,  parts  of  Velikovski's  theory 
were  published  serially  in  //arper’f  Magazine.  When  the  astounding 
new  theory  did  not  elicit  serious  consideration  from  the  scientific 
community,  the  editors  of  Harper’s  expressed  outrage  at  the  lack  of 
scientific  objectivity  exhibited  by  the  scientists.*  They  complained,  in 
effect,  of  a  scientific  establishment  with  its  scicntiF.c  orthodoxy,  which 
manifests  such  overwhelming  prejudice  against  heterodox  opinions 
that  anyone  like  Velikovski,  with  radically  new  scientific  ideas,  cannot 
even  get  a  serious  hearing.  They  were  not  complaining  that  the  sci¬ 
entific  community  rejected  Velikovski's  views,  but  rather  that  they 
dismissed  them  without  any  serious  attempt  at  testing. 

The  foregoing  are  but  two  examples  of  scientific  prejudgment  of  a 
theory;  many  other  fascinating  cases  can  be  found  in  Martin  Gard¬ 
ner's  Fads  and  Fallacies  in  the  Name  of  Science.*  Yet,  there  is  a  dis¬ 
quieting  aspect  of  this  situation.  Wc  have  been  told  on  countless  oc¬ 
casions  that  the  methods  of  science  depend  upon  the  objective  ob¬ 
servational  and  experimental  testing  of  hypotheses;  science  does  not, 
to  be  sure,  prove  or  disprove  iti)  rcsulu  absolutely  conclusively,  but 
it  does  demand  objective  evidence  to  confirm  or  disconfirm  them. 
This  is  the  scientific  ideal.  Yet  scientists  in  practice  do  certainly  make 
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judgments  of  plausibility  or  implausibiiiiy  about  newly  suggested 
theories,  and  in  casei  like  those  of  Hubbard  atul  VclikovsVi,  they 
judge  the  new  hypotheses  too  implausible  to  deserve  further  serious 
consideration.  Can  it  be  that  the  editors  of  Harper's  had  a  point,  and 
that  there  is  a  large  discrepancy  between  the  ideal  of  scientific  objec¬ 
tivity  and  the  actual  practice  of  prejudgment  on  the  basis  of  plausibil¬ 
ity  considerations  alone?  One  could  maintain,  of  course,  that  this  is 
merely  an  example  of  the  necessary  comproniise  we  make  between 
the  abstract  ideal  anu  uk.  piamcal  i-xigcniies.  Oiven  unlimited  time, 
talent,  money,  and  material,  {fcrhaps  we  should  test  evciy  by[M>thcsis 
that  comes  along;  in  fact,  we  have  none  of  these  commodities  in  un¬ 
limited  supply,  so  we  have  to  make  practical  decisions  concerning  the 
use  of  our  scientific  resources.  VVe  have  to  decide  which  hypotheses  are 
promising,  and  which  arc  not.  We  have  to  decide  which  experiments 
to  run,  and  what  equipment  to  buy.  These  arc  all  practical  decisions 
that  have  to  be  made,  and  in  making  them,  the  srientist  (or  adminis¬ 
trator)  is  deriding  which  hypotheses  will  be  subjected  to  serious  test¬ 
ing  and  which  will  be  ignored.  It  every  hypothesis  that  comes  along 
had  to  be  tested,  1  shudder  to  think  how  Air  Force  scientists  would 
be  occupied  with  anti-gravity  devices  and  refutations  of  Einstein. 

Granted  that  we  do,  and  perhaps  must,  make  use  of  these  plausibil¬ 
ity  considerations,  the  natural  question  concerns  their  status.  Three 
general  sorts  of  answers  suggest  themselves  at  the  outset.  In  the  first 
place,  they  might  be  no  more  than  expressions  of  the  attitudes  and 
prejudices  of  individual  scientists  or  groups  of  scientists.  The  editors 
of  Harper's  might  be  right  in  claiming  that  they  arc  mere  expressions 
of  prejudice  against  ideas  that  are  too  novel -the  tool  used  by  the 
srientihe  establishment  to  enforce  its  own  orthodoxy.  If  that  sugges¬ 
tion  is  too  conspiratorial  in  tone,  perhaps  they  arise  simply  from  the 
personal  attitudes  of  individual  scientists.  In  the  second  place,  they 
might  be  thought  to  have  a  purely  practical  function.  Perhaps  they 
constitute  a  necessary  but  undesirable  compromise  with  the  ideal 
of  scientific  objectivity  for  the  sake  of  getting  on  with  the  practical 
work  of  science.  Or  maybe  these  plausibility  considerations  have  a 
heuristic  value  in  helping  scientists  discov-^r  new  and  promising  lines 
of  research,  but  their  function  is  solely  in  relation  to  the  discovery 
of  hypotheses,  not  to  their  justification.  In  the  third  place,  it  might 
be  held  that  somehow  plausibility  arguments  constitute  a  proper  and 
indispcnsible  part  of  the  very  logic  of  the  justification  of  scientific 
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liyjMJihtsri.  I'liis  is  tlic  view  1  iliall  atlcnt|U  lo  elaborate  anti  dcfenil. 
I  shall  argue  that  plausibility  argiiniciits  are  objective  in  (haracler, 
and  that  they  iiiust  be  taVen  into  aieoiiiit  in  the  evaluation  of  rcicn- 
tifiL  hyimlhcses  on  the  basis  ol  eviilnue.'’ 

'I  hc  issue  being  raised  is  a  logical  one,  VVe  are  asking  what  in¬ 
gredients  enter  into  the  evaluation  ol  scientific  hypotheses  in  the  light 
of  evidence.  In  order  to  answer  such  tpiestions,  it  is  necessary  to  look 
at  the  logical  scJiciiia  that  represents  the  logical  relation  Irctwccn 
evidence  and  hypotheses  in  scientific  inference.  Many  sciciitifie  text- 
Imoks,  ('S|kecially  the  introdiu  lory  ones,  attempt  to  give  u  brief  cbarac- 
teriration  of  the  pimess  of  (onlirining  ,iiul  disronfii  ining  hy|)othcscs. 
'J  he  usual  account  is  what  is  generally  known  as  the  hypothetiai- 
dedurtitr  mflhod.  As  it  is  lrct|uently  described,  the  method  consists 
ill  dcdiuing  consrtpienics  from  the  hypothesis  in  ipiestiuii.  and 
cliccking  hy  observation  to  dctciminc  whether  these  conseipiences 
actually  occut.  If  they  do,  that  counts  as  confirming  evidenre  for  the 
hypothesis;  if  they  do  nut,  the  hypothesis  is  discunfirmed. 

One  initnediate  diffirully  with  the  foregoing  eh.arat  teriration  of  the 
hypothetiui  d(  diu  live  method  is  that  fiom  a  general  hy|>oiiiesis  it  is 
itn|>ossible  to  deduce  any  obu'cvatioiial  consequences.  Consider,  for 
example,  Kepler's  first  two  laws  of  planetary  motion:  the  first  stales 
tliat  itic  orbits  of  the  planets  aio  elliptis.il,  and  the  second  ilesiiibcs 
the  way  the  sfreed  of  the  platiet  varies  as  it  moves  through  the  ellipse. 
With  this  geticral  knowledge  of  the  motion  of  Mars,  for  instatue,  it 
is  iin|>ossihlc  to  deduce  its  location  at  midnight,  and  so  to  check  by 
observation  to  sec  wbciher  it  fulfills  the  prediction  or  not.  But  wiili 
the  addition  ol  some  further  observational  knowledge,  it  is  [tossiblc 
to  make  such  deductions— fur  instance,  if  we  know  its  position  and 
velocity  at  midnight  last  night.  'Ihis  additional  observational  evi¬ 
dence  is  often  referred  to  as  the  "initial  condition:/',"  from  the  hy|M)ih- 
csis  together  with  statements  aturui  initial  comlitions  it  is  (Msssiblc 
to  deduce  a  concrete  prediction  that  can  be  checked  by  observation. 
With  this  addition,  the  hypoihciico-dcductivc  melluHl  can  )>c  rcpie- 
sented  by  the  following  simple  schema: 

H-D  schema;  H  (hyimthcsis) 

1  (initial  concliiioiis) 

O  (observational  piecliciion) 
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Although  it  ii  alwnyi  posiiblc  (or  error*  of  objcrvaiion  or  mcaiurc- 
iTicnt  to  orctir,  amt  (unsi'(|iu'n(ly  for  it*  to  Ix'  tiiiriakrii  .'iIm)III  ilie 
initial  conditions,  I  shall  assitinc  for  |>  ’^{losci  of  the  |>u'scnt  discussion 
that  we  have  correctly  ascertained  the  initial  cundilions,  so  that  the 
hy])otheiis  is  tiie  only  |irctnisc  whose  tiuth  is  in  (|nrstion.  1  his  is  one 
useful  simplifying  assiiinplion. 

Anollier  very  ini]>ottani  siinplifyiiig  assumption  is  being  made. 
In  many  eases  the  obsctvational  prediction  dors  not  follow  from  the 
hypothesis  and  initial  conditions  alone,  but  so  tailed  “auxiliaiy 
hypotheses"  are  also  re(piiie(l.  For  instance,  if  an  astionomit .>1  ob¬ 
servation  is  involved,  optical  theories  concerning  the  behavior  of 
lelescojres  may  Ire  implicitly  invoked.  In  principle,  a  false  preiliction 
can  be  the  occ  asion  to  call  these  auxiliaiy  hy|Miiheses  into  tpiesiion,  si> 
that  the  must  that  tan  be  cniitlntled  is  that  eitlirr  an  auxiliaiy  hy|>o 
diesis  or  the  hypothesis  up  for  testing  is  false,  but  we  cannot  say 
which.  Fur  purposes  of  this  discussion,  however,  1  shall  assnmc  tliat 
the  truth  of  the  auxiliary  hy|xithe*es  is  not  in  <nie»tion.  so  that  the 
hypothecs  we  aic  dying  to  test  is  still  the  only  pirmise  of  the  aigu 
ment  whose  truth  isopen  totpiestion.  .Suth  simplifying  assumptions 
are  admittedly  unrOtilistie,  but  things  arc  diflii  uli  enough  with  them, 
and  relinquishing  them  docs  not  help  with  the  problems  we  aie 
discussing. 

Under  (he  foregoing  simplifying  assumptions  a  false  pi  edit  lion 
provides  a  decisive  result:  if  (he  piedietion  is  false  the  hyiMitliesis  is 
falsified,  for  a  valid  deduction  wi:b  a  false  eomlusion  must  have  at 
least  one  false  picmise,  and  (lie  hy{Hjtliesis  Ixiiig  tesieil  is  the  only 
premise  about  which  we  are  admitting  any  question.  However,  if  the 
prediction  turns  out  to  be  true,  wc  certainly  cannot  coiuhidc  that  the 
hypothesis  is  true,  for  to  infer  the  (ruth  of  the  premises  from  (he  (ruth 
of  the  conclusion  is  an  clementaiy  logical  fallacy.  And  this  fallacy  is 
not  mitigated  in  the  least  by  rejecting  (he  simplifying  assumptions 
and  admitting  that  other  premises  might  be  false.  1  he  fallacy,  called 
affirming  the  consequent,  is  illustrated  by  the  following  ex.implc;  If 
the  patient  has  chickcn|K>x,  he  will  run  a  fever;  the  patient  is  run¬ 
ning  a  fever;  therefore,  he  has  chickcn|H»x,  lltc  difficulty  is  very 
fundamental  and  very  gcnciai.  Kven  (hough  a  liyputliesis  gives  rise 
to  a  true  jjrediciion,  there  are  always  other  dilfercnt  hyjKJthcscs  that 
would  provide  the  same  predict  ion  1  his  is  the  problem  of  the  alter- 
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native  hypotheses.  It  is  especially  apparent  in  any  case  in  which  one 
wishes  to  explain  data  that  can  be  represented  by  points  on  a  graph 
in  terms  of  a  mathematical  function  that  can  be  represented  by  a 
curve.  T here  are  always  many  different  curves  that  fit  the  data  eqtially 
well;  in  fact,  for  any  finite  number  of  data,  there  are  infinitely  many 
..ach  curves.  Additional  observations  will  serve  to  disqualify  some  of 
these  (in  fact,  infinitely  many),  but  infinitely  many  alternatives  will 
still  remain. 

Since  we  obviously  cannot  claim  that  the  observation  of  a  true  con¬ 
sequence  establishes  the  truth  of  our  hypothesis,  the  usual  claim  is 
that  such  observations  tend  to  support  or  confirm  the  hypothesis,  or 
to  lend  it  probability.  Thus,  it  is  often  said,  the  inference  from  the 
hypothesis  and  initial  conditions  to  the  prediction  is  deductive,  but 
the  inference  in  the  opposite  direction,  from  the  truth  of  the  predic¬ 
tion  to  the  hypothesis  is  inductive.  Inductive  inferences  do  not  pre¬ 
tend  to  establish  their  results  with  certainty;  instead,  they  confirm 
them  or  make  them  probable.  The  whole  trouble  with  looking  at  the 
matter  this  way  is  that  it  appears  to  constitute  an  automatic  transfor¬ 
mation  of  deductive  fallacies  into  correct  inductive  arguments.  When 
we  discover,  to  our  dismay,  that  our  favorite  deductive  argument  is 
invalid,  we  simply  rescue  it  by  saying  that  we  never  intended  it  to  be 
deductive  in  the  first  place,  but  that  it  is  a  valid  induction.  With 
reference  to  this  situation,  the  famous  American  logician  Morris  R. 
Cohen  is  said  to  have  quipped,  "A  logic  book  is  divided  into  two 
parts;  in  the  first  (on  deduction)  the  fallacies  are  explained,  and  in  the 
second  (on  induction)  they  are  committed.”  Surely  inductive  logic, 
if  it  plays  a  central  role  in  scientific  method,  must  have  oettcr  cre¬ 
dentials  than  this. 

When  questions  about  deductive  validity  arise,  they  can  usually 
be  resolved  in  a  formal  manner  by  reference  to  an  appropriate  logical 
system.  It  has  not  always  been  so.  Modern  mathematical  logic  dates 
from  the  early  nineteenth  century,  and  it  has  undergone  extraordi¬ 
nary  development,  largely  in  resjjonsc  to  problems  that  arose  in  the 
foundations  of  mathematics.  One  such  problem  concerned  the  foun¬ 
dations  of  geometry,  and  it  assumed  critical  importance  with  the 
discovery  of  non-tuclidcan  geometries.  Another  problem  concerned 
the  stains  of  the  infinitesimal  in  the  calculus,  a  concept  that  was  the 
center  m  utter  confusion  for  two  centuries  after  the  discovery  of  the 
''inriniteiiiiciil"  cakulut  Thanks  to  extensive  and  fruitful  investiga- 
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tions  of  the  foundations  of  mathematics,  we  now  have  far  clearer 
and  more  profound  understanding  of  many  fundamental  mathe¬ 
matical  concepts,  as  well  as  an  extremely  well-developed  and  in¬ 
trinsically  interesting  discipline  of  formal  deductive  logic.  The  early 
investigators  in  this  field  could  never  have  conceived  in  their  wildest 
imaginings  the  kinds  of  results  that  have  emerged.® 

It  is  an  unfortunate  fact  that  far  less  attention  has  been  paid  to  the 
foundational  questions  that  arise  in  connection  with  the  empirical 
sciences  and  their  logic.  When  questions  of  inductive  validity  arise, 
there  is  no  well-established  formal  discipline  to  which  they  can  be 
referred  for  definitive  solution.  A  number  of  systems  of  inductive 
logic  have  been  proposed,  some  in  greater  and  some  in  bsser  detail, 
but  none  is  more  than  rudimentary,  and  none  is  widely  accepted  as 
basically  correct.  Questions  of  inductive  correctness  arc  more  often 
referred  to  scientific  or  philosophical  intuitions,  and  these  are  notori¬ 
ously  unreliable  guides. 

We  do  have  one  resource  which,  although  not  overlooked  entirely, 
is  not  exploited  as  fully  as  it  could  be.  1  refer  to  the  mathematical 
calculus  of  probability.  The  probability  calculus  will  not,  by  itself, 
solve  all  of  our  foundational  problems  concerning  scientific  inference, 
but  it  will  provide  us  with  a  logical  schema  for  scientific  inference 
which  is  far  more  adequate  than  the  H-D  schema.  And  insofar  as  the 
probability  calculus  fails  to  previde  the  ansv'ers  to  foundational 
questions,  it  will  at  least  help  us  to  pose  those  problems  in  intelligible 
and,  hopefully,  more  manageable  form. 

In  order  to  show  how  the  probability  calculus  can  illuminate  the 
kinds  of  questions  I  have  been  raising,  I  should  like  to  introduce  a 
very  simple  illustrative  game.  This  game  is  played  with  two  decks  of 
cards  composed  as  follows:  deck  1  contains  eight  red  cards  and  four 
black  cards;  deck  2  contains  four  red  cards  and  eight  black  cards.  A 
player  begins  by  tossing  a  standard  die;  if  the  side  one  appears  he 
draws  a  card  from  the  first  deck,  and  if  any  other  side  comes  up  he 
draws  a  card  from  the  second  deck.  The  draw  of  a  red  card  constitutes 
a  win.  There  is  a  simple  formula  for  calculating  the  probability  of  a 
win  resulting  on  a  play  of  this  game.  Letting  '■P(A,B)"  stand  for  the 
probability  from  A  to  B  (i.e.,  the  probability  of  B,  given  A),  and 
letting  "A”  stand  for  tosses  of  the  die,  "B"  for  draws  from  deck  1 
(which  occur  when  and  only  when  an  ace  is  tossed  on  the  die),  and 
"C"  for  draws  of  red  cards,  the  following  formula,  which  is  a  special 
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case  of  the  "theorem  on  total  probability”  yields  the  desired  com¬ 
putation; 

P(A,C)  =  P(A,B)  P(A  8:  B.C)  -f  P(A,5)  P(A  gel.C)  (1) 

The  ampersand  means  "and”  and  the  bar  above  a  symbol  negates  it. 

Accordingly,  the  probabilities  appearing  in  the  formula  are: 

P(A,C)— probability  of  drawing  a  red  card  on  a  play  of  the  game. 

P(A.B)— probability  of  drawing  from  deck  1  on  a  play  of  the 
game  (=  %). 

P(A,B)— probability  of  drawing  from  deck  2  on  a  play  of  the 
game(=  %). 

P(A  feB.C)— probability  of  drawing  a  red  card  if  you  play  and  draw 
from  deck  1  (=  %). 

P(A  8c  B,C)— probability  of  drawing  a  red  card  if  you  play  and  draw 
from  deck  2  (=  Vg). 

The  theorem  on  total  probability  yields  the  result 
P(A.C)  =  YeX%  +  %XH  =  7/18 


Suppose,  now,  that  this  game  is  being  played,  and  you  enter  the  room 
just  in  lime  to  see  that  the  player  has  drawn  a  red  card,  but  you  did 
not  see  from  which  deck  it  was  drawn.  Perhaps  someone  even  offers 
you  a  wager  on  whether  it  came  from  deck  1  or  deck  2.  Again,  the 
probability  calculus  provides  a  simple  formula  to  compute  the  de¬ 
sired  probability.  This  time  it  is  a  special  form  of  "Bayes’  theorem” 
and  it  can  be  written  in  either  of  two  ways: 


P(AfcC,B)  = 


P(A.B)P(A8:B,C) 


P(A,C) 

P(A,B)  P(Aa:B,C) 

P(A,B)  P(A  9c  B,C)  -t-  P(A,ti)  P(A  8c  B,C) 


(2) 

(3) 


The  theorem  on  total  probability  (1)  assures  us  that  the  denominators 
of  the  two  fractions  are  equal;  we  must,  of  course,  impose  the  restric¬ 
tion  that  P(A,C)  0  in  order  to  avoid  an  indeterminate  fraction. 
The  expression  on  the  left  evidently  represents  the  probability  that 
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a  draw  which  produced  a  red  card  was  made  from  deck  1 .  Substituting 
known  values  in  equation  (2)  yields 

P(A  &  C.B) [1/e  X  %]  /  [7/18]  =  2/7 

There  is  nothing  controversial  about  cither  of  the  foregoing  theorems 
or  their  applications  to  simple  games  of  chance  of  the  type  just 
described. 

In  order  to  get  at  our  logical  questions  about  the  nature  of  sci¬ 
entific  inference,  let  me  redescribc  the  game  and  what  wc  learned 
about  it.  and  in  so  doing  1  sliall  admittedly  be  stretching  some  mean¬ 
ings.  It  is  nevertheless  illuminating.  We  can  think  of  the  drawing  of 
a  red  card  as  an  effect  that  can  be  produced  in  cither  of  two  ways,  by 
tossing  an  ace  and  drasving  from  the  first  deck  or  by  tossing  a  number 
other  than  one  and  drasving  from  the  second  deck.  When  sve  asked 
for  the  probability  that  a  red  card  had  been  drawn  from  deck  1,  we 
were  asking  for  the  probability  that  the  first  of  the  two  possible  causes 
rather  than  the  second  was  operative  in  bringing  about  this  effect.  In 
fact,  there  are  two  causal  hypotheses,  and  wc  svere  calculating  the 
probability  that  was  to  be  assigned  to  one  of  them,  namely,  the  hy¬ 
pothesis  that  the  draw  came  from  the  first  deck.  Notice  that  the  prob¬ 
ability  that  the  draw  came  from  the  first  deck  is  considerably  less 
than  one-half,  making  it  much  more  likely  that  the-  draw  came  from 
the  second  deck,  even  though  the  probability  that  you  will  get  a  red 
card  if  you  draw  from  the  first  deck  is  much  greater  than  the  prob¬ 
ability  that  you  will  get  a  red  card  if  you  draw  from  the  second  deck. 
The  reason,  obviously,  is  that  many  more  draws  are  made  from  the 
second  deck,  so  even  though  many  more  black  than  red  cards  are 
drawn  from  the  second  deck,  still  the  prcpKindcrance  of  red  cards  also 
comes  from  the  second  deck.  This  pwint  has  fundamental  philosoph¬ 
ical  importance. 

Continuing  with  the  bizarre  use  of  terms,  let  us  look  at  the  prob¬ 
abilities  used  to  carry  out  the  computation  via  Bayes’  theorem.  P(A,B) 
and  P(A,B)  ate  known  as  prior  probabtUlies;  they  arc  the  probabil¬ 
ities,  respectively,  that  the  particular  cause  is  operative  or  not,  regard¬ 
less  of  the  result  of  the  draw.  These  probabilities  are  obviously  linked 
in  a  simple  manner. 


P(A,B)  =  1  -  P(A.B). 
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so  that  knowledge  of  one  of  them  suffices.  P(A  &  B,C)  and  P(A  &5,C) 
are  usually  known  as  likelihoods.  P(A  &  B.C)  is  the  likelihood  of  the 
causal  hypothesis  that  the  draw  came  from  deck  1  given  that  the  draw 
was  red,  while  P(A  &  1t,C)  is  the  likelihood  that  that  hypothesis  is  false 
(i.e.,  the  likelihood  of  art  alternative)  given  the  same  result.  Note,  how¬ 
ever,  that  the  likelihood  of  a  hypotf^esis  is  not  a  probability  of  that 
hypothesis;  it  is,  instead,  the  probability  of  a  result  given  that  the  hy¬ 
pothesis  holds.  Note,  also,  that  the  two  likelihoods  need  not  add  up  to 
one:  they  are  logically  independent  of  one  another  and  both  need  to 
be  known-knowledge  of  one  only  does  not  suffice.  These  are  the  prob¬ 
abilities  that  appear  on  the  right  hand  side  of  the  second  form  of 
Bayes'  theoicm  (3).  In  the  first  form  of  Bayes’  theorem  (2)  we  do  not 
need  the  second  likelihood,  P^ A  &  S,C),  but  wc  require  P(A,C)  instead. 
This  probability  has  no  common  name,  but  it  is  the  probability  that 
the  effect  in  question  occurs  regardless  of  which  cause  is  operative.  But 
whichever  form  of  the  theorem  is  used,  we  need  three  logically  distinct 
probabilities  in  order  to  carry  out  the  calculation.  P(A  &  C,B),  the 
probability  we  endeavor  to  establish,  is  known  as  the  posterior  prob- 
ability  of  the  hypothesis.  When  we  entertain  the  two  causal  hypoth¬ 
eses  about  the  draw  of  the  card,  we  may  take  the  fact  that  the  draw 
produced  a  red  card  as  observational  evidence  relevant  to  the  causal 
hypotheses.  (A  rapid  calculation  will  show  that  the  probability  that 
the  draw  came  from  deck  1  if  it  was  a  black  card  =  1/11.)  Thus,  wc 
may  think  of  our  posterior  probability,  P(A  &  C,B),  as  the  probability 
of  a  hypothesis  in  the  light  of  observational  evidence.  This  is  precisely 
the  kind  of  question  which  arose  in  connection  with  the  hypolhetico- 
deductive  method,  and  in  connection  with  our  attempt  to  understand 
how  evidence  confirms  or  disconfirras  scientific  hyjrothcscs.  Bayes’  the¬ 
orem  therefore  constitutes  a  logical  schema,  found  in  the  mathemat¬ 
ical  calculus  of  probability,  that  shows  some  promise  of  incorporating 
the  main  logical  features  of  the  kind  of  inference  the  hypothctico- 
deductive  schema  is  intended  to  describe. 

The  striking  difference  between  Bayes’  theorem  and  the  H-D 
schema  is  the  relative  complexity  of  the  former  compared  with  the  lat¬ 
ter.  In  fact,  in  some  special  cases  the  H-D  schema  provides  just  one  of 
the  probabilities  required  in  Bayes’  theorem,  but  never  docs  it  yield 
eitlier  of  the  other  two  required.  '1  bus,  the  H-D  schema  is  inadequate 
as  an  account  of  scientific  inference  because  it  is  a  gross  oversimplifica¬ 
tion  which  omits  reference  to  essential  logical  features  of  the  infer- 
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ciice.  Bayes’  theorem  fills  these  gaps.  The  H-D  srhema  tlescribes  a 
situation  in  wlticli  an  observable  result  is  tletluciblc  from  a  hypothesis 
(in  conjunction  with  initial  conditions,  and  possibly  auxiliary  hypoth¬ 
eses,  all  of  which  we  arc  assuming  tc  be  true);  thus,  if  the  hypothesis  is 
correct,  tlie  result  must  occur  ami  cannot  fail  to  occur.  In  this  special 
case,  P(A  ft  B,C)  =  1,  but  without  two  other  probabilities,  say  P(A,B) 
and  P  (A&B,C),  no  conclusion  at  all  can  be  drawn  regarding  the  pos¬ 
terior  probability.  Inspection  of  Bayes’  thcorcin  makes  it  evident  that 
P(,\  ft  B,C)  r=  1  is  coinj)letcly  compatible  with  P(A  ft  C,B)  —  0.  At 
best,  the  II-U  schema  yields  the  likelihood  of  the  hypothesis  fur  that 
given  evidence,  but  we  need  a  prior  probability  and  the  likelihood  of 
an  alternative  hypothesis  on  the  same  evidence. 

That  these  other  probabilities  are  indis|)en$iblc,  and  the  manner 
in  svhich  they  function  in  scientific  reasoning,  can  be  indicated  by  ex¬ 
amples.  Considei  lhanetirs  once  more.  As  remarked  above,  this  book 
contained  not  only  a  theory  to  explain  behavior,  but  also  it  contained 
recommendations  for  a  therapy  to  be  practiced  for  the  treatment  of 
psychological  disturbances.  I  he  therapeutic  procedure  bears  strong 
resemblances  to  psychoanalysis;  it  consists  of  tlie  elimination  of  those 
"engrams"  that  arc  causing  trouble  by  bringing  to  consciousness, 
through  a  process  of  free  association,  the  unconscious  experiences  that 
produced  the  engrams  in  the  first  place.  The  theory,  presumably,  en¬ 
ables  us  to  deduce  that  practice  of  the  recommended  ihera|)y  will 
produce  cures  of  psychological  illness.  At  the  time  the  theory  was  m 
vogue,  this  theripy  was  practiced  extensively,  and  there  is  every  reason 
to  believe  that  "cures”  did  occur.  1  here  were  unquestionably  cases  in 
which  people  with  various  neurotic  symptoms  were  treated,  and  they 
experienced  a  remission  of  their  symptoms.  Such  instances  would  seem 
to  count,  according  to  the  hypothetico-deductive  method,  as  confirm¬ 
ing  instances.  That  they  cannot  actually  be  so  regarded  is  due  to  the 
fact  that  there  is  a  far  better  explanation  of  these  "cures."  \Vc  know 
that  there  is  a  phenomenon  of  "faith-healing"  that  consists  in  the 
efficacy  of  any  treatment  the  patient  sincerely  believes  to  be  effective. 
Many  neurotic  symptoms  are  emenable  to  such  treatment,  so  anyone 
with  suen  symptoms  who  believed  iit  the  soundness  of  the  dianetic  ap¬ 
proach  could  be  "cured”  regardless  of  the  truth  or  falsity  of  the  theory 
upon  which  it  is  based.  The  reason,  in  terms  of  Bayes’  theorem,  is  that 
the  second  likelihood— the  probability  P(A  &  B,C)  that  the  same  phe¬ 
nomenon  would  occur  even  if  the  hypothesis  were  false— is  very  high. 
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Since  this  term  occurs  in  the  denominator,  the  value  of  the  whole 
fraction  tends  to  be  small  when  the  term  is  large. 

A  somewhat  similar  problem  arises  in  connection  with  psychother¬ 
apy  based  upon  more  serious  theoretical  foundations.  The  effec¬ 
tiveness  of  any  therapeutic  procedure  has  to  be  compared  with  the 
so  t.  lied  "spontaneous  remission  rate.”  Any  therapy  will  produce  a 
certain  number  of  cases  in  which  there  is  a  remission  of  symptoms,  but 
in  a  group  of  people  with  similar  problems,  but  who  undergo  no  ther¬ 
apy  of  any  kind,  there  will  also  be  a  certain  percentage  who  experi¬ 
ence  remission  of  symptoms.  For  a  thrmpy  to  be  judged  effective,  it 
has  to  improve  upon  the  spontaneous  remission  rate;  it  is  not  sufficient 
that  there  be  some  remissions  among  those  who  undergo  the  treat¬ 
ment.  In  terms  of  Bayes'  theorem,  this  means  that  we  must  look  at 
both  likelihoods,  P(A  &  B,C)  and  P(A  8:  B,C),  not  just  the  one  we  have 
been  given  in  the  standard  H-D  schema.  This  is  just  what  experi¬ 
mental  controls  are  all  about.  For  instance,  vitamin  C  has  been  highly 
touted  as  a  cold  remedy,  and  many  cases  have  been  cited  of  people 
recovering  quickly  from  colds  after  taking  massive  doses.  But  in  a 
controlled  experiment  in  which  two  groups  of  people  of  comparable 
age,  sex,  state  of  general  health,  and  severity  of  colds  arc  compared, 
where  one  group  is  given  vitamin  C  and  the  other  is  not,  no  difference 
in  duration  or  severity  of  colds  is  detected.''  This  gives  us  a  way  of 
comparing  the  two  likelihoods. 

Let  me  mention,  finally,  an  example  of  a  strikingly  successful  con¬ 
firmation,  showing  how  the  comparative  likelihoods  effect  this  sort 
of  situation.  At  die  beginning  of  the  nineteenth  century,  two  different 
theories  of  light  were  vying  for  supremacy:  the  wave  theciry  and  the 
corpuscular  theory.  Each  had  its  strong  advocates,  and  the  evidence 
up  to  that  point  was  not  decisive.  One  of  the  supporters  of  the  corpus¬ 
cular  theory  was  the  mathematician  Poisson,  who  deduced  from  the 
mathematical  formulation  of  the  wave  theory  that,  if  that  theory  were 
true,  there  should  be  a  bright  spot  in  the  center  of  the  shadow  of  a 
disk.  Poisson  declared  that  this  absurd  result  showed  that  the  wave 
theory  is  untenable,  but  when  the  experiment  was  actually  j)ci  formed 
the  bright  spot  was  there.  Such  a  result  was  unthinkable  on  the  cor¬ 
puscular  theory,  so  this  turned  into  a  triumph  for  the  wave  theory, 
because  the  probability  on  any  other  theory  then  available  was  negli¬ 
gible.®  It  was  not  until  about  a  century  later  that  the  need  for  a  com- 
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billed  wavc-particic  ihcoiy  was  realized.  Arithmetically,  the  force  of 
this  dramatic  confirmatiuii  is  easily  seen  by  noting  that  if  P(A  8c  B,C) 
=.  0  in  (3),  the  posterior  probability  P(A  &  C,B)  automatically  be¬ 
comes  1 . 

In  addition  to  the  two  likelihoods.  Bayes’  theorem  requires  us  to 
have  a  prior  probability  P(A,B)  or  P(A,B)  in  order  to  ascertain  the 
posterior  probability.  These  prior  probabilities  arc  probabilities  of 
hypotheses  without  regard  to  the  observational  evidence  provided  by 
the  particular  test  sve  are  considering,  In  the  card  drawing  game  de¬ 
scribed  above,  the  prior  probability  was  the  probability  of  a  draw 
from  one  particular  deck  regardless  of  whether  the  draw  produced  a 
red  or  black  card.  In  the  more  serious  eases  of  the  attempt  to  evaluate 
scientific  hypotheses,  the  probability  of  a  hypothesis  without  regard  to 
die  test  is  precisely  the  soit  of  plausibility  considered  that  was  dis¬ 
cussed  at  the  outset.  How  plausible  is  a  given  hypothesis;  what  is  its 
chance  of  being  a  successful  one?  This  is  the  type  of  consideration 
that  is  demanded  by  Bayes’  theorem  in  the  form  of  a  prior  j>rob- 
ability.  The  traditional  stumbling-block  to  the  use  of  Bayes’  theorem 
as  an  account  of  the  logic  of  scientific  inference  is  the  great  difficulty 
of  giving  a  description  of  what  sort  of  things  these  prior  probabil¬ 
ities  could  be. 

It  seems  possible,  nevertheless,  to  give  many  examples  of  plausibil¬ 
ity  arguments,  and  even  to  classify  them  into  very  general  types.  Such 
arguments  may  then  be  regarded  as  criteria  which  are  used  to  evalu¬ 
ate  prior  probabilities-rritcria  that  indicate  whether  a  hypothesis  is 
plausible  or  implausible,  v.-hether  its  prior  probability  is  to  be  rated 
liigh  or  low.  I  iliali  mention  three  general  types  of  aiteria,  and  give 
some  instances  of  each. 

1.  Let  us  call  criteria  of  the  first  genera]  type  formal  criteria,  lor 
they  involve  formal  logical  relations  between  the  hypothesis  under 
consideration  and  other  accepted  parts  of  science.  This  kind  of  con¬ 
sideration  was  illustrated  at  the  outset  by  Velikovski’s  theory,  which 
contradicts  virtually  all  of  modern  physics.  Because  of  this  formal 
relationship  we  can  say  that  Velikovski’s  theory  must  have  a  very  low 
prior  probability,  since  it  is  incompatible  with  so  much  we  accept  as 
correct.  Another  example  of  the  same  type  can  be  found  in  those  ver¬ 
sions  of  the  theory  of  telepathy  that  postulate  the  irulanlaneous  trans¬ 
ference  of  thought  from  one  person  to  another,  regardless  of  the  dis¬ 
tance  that  separates  them.  For,  the  spiecial  ilieory  of  relativity  stipu- 
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latcs  that  information  cannot  be  transmitted  at  a  speed  greater  than 
the  r()ecd  of  light,  and  so  it  would  preclude  instantaneous  thought 
transmission.  It  would  be  even  worse  fur  precognition,  the  alleged 
process  of  direct  perception  of  future  occurrences,  for  this  would  in¬ 
volve  messages  being  transmitted  backward  in  timcl  Such  parapsycho- 
logical  hypotheses  must  be  given  extremely  low  prior  prob.tbilities 
because  of  their  logical  incompatibility  with  well-established  portions 
of  physical  science.  A  hypothesis  could,  of  coutse,  achieve  a  high  prior 
probability  on  formal  grounds  by  being  the  logical  consequence  of 
a  well-established  theory.  Kepler's  laws,  for  example,  are  extremely 
probable  (as  approximations)  because  of  their  relation  to  Newtonian 
gravitational  theory. 

2.  I  shall  call  criteria  of  the  second  type  pragmatic  criteria.  Such 
criteria  havi  to  do  with  lire  evaluation  of  hypotheses  in  terms  of  the 
circumstances  of  their  origin-for  example,  die  qualifications  of  the 
author.  This  son  of  consideration  has  already  been  amply  illustrated 
by  the  example  of  Dianclics.  Whenever  a  hypothesis  is  dismissed  as 
being  a  "crank”  hypothesis,  pragmatic  critcri.^  arc  being  brought  to 
bear.  In  his  fascinating  Fads  and  Fallacies  in  the  Name  of  Science, 
Martin  Gardner  offers  some  general  characteristics  by  which  cranks 
can  be  identified.* 

One  might  be  tempted  to  object  to  the  use  of  pragmatic  criteria  on 
the  ground,  as  we  have  all  been  taught,  that  it  is  a  serious  fallacy  to 
confuse  the  origin  of  a  theory  with  its  justification.  Having  been  told 
the  old  story  about  how  Newton  was  led  to  think  of  universal  gravita¬ 
tion  by  seeing  an  apple  fall,  we  are  reminded  that  that  incident  has 
nothing  to  do  with  the  truth  or  justification  of  Newton’s  gravitational 
theory.  That  issue  must  be  decided  on  the  evidence.*®  Quite  so.  But 
there  are  factors  in  the  origin  of  a  hypothesis,  such  as  the  qualifica¬ 
tions  of  the  author,  which  have  an  objective  probability  relationship 
to  (he  hypothesis  and  its  truth.  Crank  hypotheses  seldom,  if  ever,  turn 
out  to  be  sound:  they  arc  based  upon  various  misunderstandings,  prej¬ 
udices,  or  sheer  ignorance.  It  is  not  fallacious  to  conclude  that  they 
have  low  prior  probabilities. 

3,  Criteria  of  the  third  type  are  by  far  the  most  interesting  and  im¬ 
portant;  let  us  call  them  material  criteria.  I  hey  make  reference,  in 
one  way  or  another,  to  what  the  hypothesis  actually  say.s,  rather  than 
to  its  formal  relation  to  other  theories,  or  to  the  circumstances  sur- 
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rounding  its  origins.  These  criteria  do,  however,  depend  upon  com¬ 
parisons  of  various  theories  or  hypotheses;  they  make  reference  to 
analogies  or  similarities  among  different  ones.  Again,  a  few  examples 
may  be  helpful. 

Perhaps  the  most  frequently  cited  criterion  by  which  to  judge  the 
plausibility  of  hypotheses  is  the  property  of  simplicity.  Curve  draw¬ 
ing  illustrates  this  jraint  very  aptly.  Given  data  which  can  be  repre¬ 
sented  graphically,  we  generally  take  the  smoothest  curve-thc  one 
with  the  simplest  mathematical  expression— which  comes  sufficiently 
near  the  data  points  as  icprcsepiing  the  best  explanatory  hypothesis 
for  those  data.  This  factor  was  uppermost  with  Kepler,  who  kept 
searching  for  tlie  simplest  orbits  to  account  for  planetary  motion,  and 
finally  settled  upon  the  ellipse  as  filling  the  bill.  Yet,  we  do  not  always 
insist  upon  the  simplest  explanation.  We  do  not  take  seriously  the 
"hypothesis"  that  television  is  solely  responsible  for  the  breakdown  of 
contemporary  morals,  assuming  that  there  is  such  a  breakdown,  for  it 
is  an  obvious  oversimplification.  It  may  be  that  simplicity  is  more  to 
be  prized  in  the  physical  than  in  the  social  sciences,  nr  in  the  advanced 
than  in  the  younger  sciences.  But  it  docs  seem  that  we  need  to  exercise 
reasonable  judgment  as  to  just  what  degree  of  simplicity  is  called  for 
in  any  given  situation. 

Another  consideration  that  may  be  used  in  plausibility  arguments 
concerns  causal  mechanisms.  There  was  a  time  when  all  scientific  ex¬ 
planation  was  teleological  in  character;  even  the  motion  of  inanimate 
objects  was  explained  in  terms  of  the  endeavor  to  achieve  their  nat¬ 
ural  places.  After  the  physics  of  Galileo  and  Newton  had  removed  all 
reference  to  purpose  fioru  ibc.se  realms,  the  remnants  of  tclcclogical 
language  remained;  "Nature  abhors  a  vacuum"  and  "Water  seeks 
its  own  level."  But  though  there  have  been  a  few  attempts  to  read 
purpose  into  such  laws  as  least  action  ("The  Absolute  is  lazy"),  it 
is  for  the  most  part  fully  conceded  that  physical  explanation  is  non- 
purposive. 

The  great  success  of  Newtonian  physics  provided  a  strong  plausibil¬ 
ity  argument  for  Daivin's  account  of  the  development  of  the  bio¬ 
logical  species.  The  major  differeme  between  Darwin's  evolutionary 
theory  and  its  alternative  contenders  is  the  thoroughgoing  rejection 
of  teleological  explanation  by  Darwin.  Although  teleological  sound¬ 
ing  language  may  sometimes  creep  in  when  we  talk  about  natural 
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selection,  ihc  coiitc|)t  is  ciiliicly  nonjiurposivc.  We  ask,  "Why  is  the 
|M>lai-  bs'ar  white?"  We  answer,  "Hecanse  that  color  pioviiles  a  natural 
caiiiounagc."  It  sonietimcs  sounds  a  bit  as  if  we  ate  saying  that  the  bear 
thinks  the  sitiiaiinn  over  and  dciidcs  iKfote  he  is  boin  liiat  white 
would  be  the  l>est  (olor,  and  so  hr  chooses  tliat  u)loi.  But,  of  totusc, 
we  mean  no  such  thing.  We  arc  awaie  that,  literally,  no  ehoirc  or 
planning  is  involved.  There  arc  chance  muiaiions,  some  favorable  to 
escaping  fiom  enemies  and  finding  food.  I  hosc  animals  that  have  the 
favorable  characteristics  tenil  to  survive  and  lejuodiuo  their  kind, 
while  those  with  unfavorable  characteristics  tend  to  die  out  without 
rcprcxiucing.  The  cause  and  effect  relations  in  the  evohiiionary  ac¬ 
count  arc  just  as  mechanical  and  without  jiur|>ose  as  are  those  in  New¬ 
tonian  physics.  I'his  non  teleological  theory  is  in  sharp  contrast  to  the 
theory  of  special  creation  according  to  which  God  created  the  various 
species  because  it  somehow  fit  his  plan. 

The  non-telclogical  character  of  Newton's  theory  surely  must  lend 
plausibility  to  a  non  teleological  biological  theory  such  as  Daiwin's. 
If  physics,  which  was  far  better  dcvclu|K'd  and  more  advanced  than 
any  other  science,  got  that  way  by  abandoiting  icleulugical  explana¬ 
tions  for  efficient  causation,  then  it  seems  |ilausible  for  those  sciences 
that  arc  far  less  developed  to  tty  the  same  approach.  When  this  ap¬ 
proach  paid  off  handsomely  in  the  success  of  evolutionary  theory,  how 
much  more  plausible  it  becomes  for  other  branches  of  science  to  fol¬ 
low  the  same  line.  Thus,  for  theories  in  psychology  and  sociology,  for 
example,  higher  plausibility  and  higher  prior  probability  would  now 
attach  to  those  hypotheses  that  are  free  from  teleological  components 
than  to  chose  that  retain  teleological  explanation.  When  a  biological 
hypothesis  comes  along  that  regresses  to  the  pre  Darwinian  teleology, 
such  as  Lcconite  du  NoUy’s //umori  Destiny,  it  must  be  assigned  a  low 
prior  probability.” 

Let  me  give  one  fin.il  example  of  material  criteria.  Our  investiga¬ 
tions  of  the  nature  >t  physical  space,  extending  over  many  centuries, 
have  led  to  some  rather  sophisticated  conceptions.  To  early  thinkers, 
nothing  could  have  been  more  implausible  than  to  suppose  that  space 
is  homogeneous  and  isotropic.  Everyday  exjsericncc  seems  clearly  to 
demonstrate  that  there  is  a  preferred  direction-down.  This  view  was 
expressed  poetically  by  Lucretius  in  The  Nature  of  the  Universe,  in 
which  he  describes  the  primordial  state  of  affairs  in  which  all  the 
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ate  falling  diiwiiwanl  in  njnur  a(  a  unifonn  s|K  til,’^  On  this 
view,  iu)(  iMil)  wiis  tile  il(iiviiu':iiil  ilii<  i  linn  |>iefei  ii  (I,  Init  alsn,  it  w.is 
|Hissiblc  (I)  (liMiiigiiisli  aliMiliitr  iiiotiiiii  fioiii  abvoliite  lest.  Hy  New- 
toil  !!  time  it  sccinet)  deal  that  s|i.i<e'  hail  nii  |neieiietl  iliieitinn;  lalli 
ei,  it  was  iMitidjiii  ~|ii)sses5eil  (if  ilse  same  i.tiii<tiiie  in  evi  iy  iliieitiim. 
rhisi  I'onviilnaiiiiii  lent  (|>ll^i(lelal>le  |il.iiiMl>ilily  tn  N'l'wlnn's  inseisc 
stpiaie  law,  fni  if  sji.iee  is  lau  liileati  and  it  has  no  |iU'leiied  diiei  li'ins, 
ihci)  we  should  cx|k'((  any  (ukc,  snih  as  gravitation,  to  s|)iead  not 
iinifoimly  in  all  diieiiions.  In  Idtdiilean  geonutiy,  the  snif.ue  of  .1 
splieie  vaiies  with  the  M|iiaie  of  the  i,i(.liiis,  so  if  the  gi .ivitai ioiial 
foiee  s|)ieadsiuii  niiifoi  inly  in  the  sniionniling  siiaie,  it  should  dimin¬ 
ish  with  the  sipiaic  of  the  distanie. 

Newton's  ilicoiy,  ihongh  it  teganU  spaie  as  isono|ii(,  still  oiakis 
|j|uvision  for  alisolntc  motion  and  test.  Finstein,  lelleiiing  on  the 
lioniog'-ncily  of  space,  enunciated  a  piiiiciple  of  lelativity  wliiili  pie- 
rliidc's distiiignishing  [ihysically  iH  tween  lest  and  tinifoiin  motion.  In 
the  Ircginiiing,  if  wc  helieve  Kinstein's  own  aiKidiiogiapliii  al  aMoniii, 
this  [iiim  iple  ici ominemh  d  ita  lf  i  iiliiel)  on  tiu'  gioiiods  ol  its  veiy 
gieal  plausiltility.'^  1  he  inaitci  does  not  test  tin  le,  ol  lomse,  for  it 
hud  to  he  iiicorpoi  aicd  into  a  physical  ilieoi  y  that  could  he  subjected 
to  eX|K'iinK  nial  te  st.  Ilis  speiial  ilicoty  of  lelativiiy  has  bei  n  tested 
and  c'unfiimed  in  a  wide  vaiiely  of  ways,  anil  it  is  now  a  well-estab¬ 
lished  part  uf  physics,  hut  prior  to  the  tests  and  its  sniiess  in  meeting 
ihcin,  it  could  lie  lei  tilled  as  highly  plausible  on  the  basis  of  vei  /  gen¬ 
eral  c  liaracteristii  s  of  spaie. 

Up  to  this  ixiiiu  1  have  been  attempting  to  t  sialilish  two  fai  ts  about 
prior  probabilities:  (1)  Ifayes'  theorem  shows  that  they  aie  needed, 
and  (2)  seicniilic  ptacticc  shows  that  they  arc  used,  IJnt  their  status 
has  been  left  veiy  v.igiie  indeed.  1  heie  is  a  fundatnental  teasun.  In 
spite  of  the  fan  that  the  probability  ealeiilns  was  rstablislied  eat  ly  iti 
the  seventeetuh  century,  haidly  any  serious  attention  was  given  to  the 
analysis  of  the  meaning  of  the  concept  of  probability  uttlil  the  latter 
part  of  the  nineteenth  century.  1  heie  is  iiothiiig  especially  tniusnal 
alHiiit  this  silnation.  Questions  about  the  meanings  of  fundamental 
conci'pisarc  foundational  cpiestiotrs,  and  foiiiidational  investigiiiions 
usually  follow  far  beliind  the  development  of  a  disc  ipline,  Kven  today 
tlicie  is  no  real  coiisensns  on  this  ipiestion;  there  are,  inste:id,  tlircc 
distinct  iiiteijnctalioiis  uf  the  probability  comept,  each  with  its  strong 
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adherents.  A  fortiori,  there  is  no  widely  accepted  answer  to  the  ques¬ 
tion  of  the  nature  of  the  prior  probabilities,  for  they  seem  to  be  es¬ 
pecially  problematic  in  character.  Among  the  three  leading  probabil¬ 
ity  theories,  'he  logical  theory  regards  probability  as  an  a  priori  meas¬ 
ure  that  can  be  assigned  to  propositions  or  states  of  affairs,  the  per- 
sonalistic  theoiy  regards  probability  as  a  subjective  measure  of  degrees 
of  belief,  and  the  frequency  theory  regards  probability  as  a  physical 
characteristic  of  types  of  events. 

The  logical  theory  is  the  direr',  descendent  of  the  famous  classical 
theory  of  Laplace.  According  to  the  classical  theory,  probability  is  the 
ratio  of  favorable  to  e<iual!y  possible  cases.  The  equi-possibility  of 
cases,  which  is  nothing  other  than  the  equal  probability  of  these  cases, 
is  determined  a  priori  on  the  basis  of  a  principle  of  indifference,  name¬ 
ly,  two  cases  are  equally  likely  if  there  is  no  reason  to  prefer  one  to  the 
other.  This  principle  gets  into  deep  logical  difficulty.  Consider,  for 
example,  a  car  that  makes  a  trip  around  a  one  mile  track  in  a  time 
somewhere  between  one  and  two  minutes,  but  we  know  no  more 
about  it.  It  seems  reasonable  to  say  that  the  time  could  have  been  in 
the  interval  from  one  to  onc-and  one-half  minutes,  or  it  could  have 
been  in  the  interval  of  one-antl-one-half  to  two  minutes;  we  tlon’t 
knosv  which.  Since  these  intervals  are  equal,  we  have  no  reason  to  pre¬ 
fer  one  to  the  other,  and  we  assign  a  probability  of  one-half  to  each  of 
them.  Out  information  about  this  car  can  be  put  in  other  terms.  We 
know  that  the  car  made  its  trip  at  ,in  average  speetl  somewlicrc  in  the 
range  of  60  to  30  miles  per  hour.  Again,  it  seems  reasonable  to  say  that 
the  speed  could  have  been  in  the  range  GO'-fa  miles  per  hour,  or  it 
could  have  been  in  the  range  -IS-SO  miles  per  hour;  we  don’t  know 
which.  Since  the  two  intervals  are  equal,  we  have  no  reason  to  prefer 
one  to  the  other,  and  we  assign  a  probability  of  one-half  to  each.  But 
we  have  just  contradicted  our  former  result,  for  a  time  of  one-and-one- 
half  minutes  corresponds  with  an  average  speed  of  forty,  not  forty-five, 
miles  per  hour. 

This  contradiction,  known  as  the  Bertrand  paradox,  brings  out  the 
fundamental  difficulty  with  any  method  of  assigning  probabilities  a 
priori.  Such  a  priori  decisions  have  an  unavoidable  arbitrary  compo- 
r''nt  to  them,  and  in  this  case,  the  arbitrary  component  givcj  rise  to 
two  equally  reasonable,  but  incomjratiole,  ways  of  assignitig  the  jirob- 
abilitics.  Although  the  logical  interpretation,  in  its  current  form. 
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escapes  this  particular  form  of  paradox,  it  is  still  subject  to  phil¬ 
osophical  criticism  because  of  the  same  general  Vind  of  aprioristic 
arbitrariness. 

The  persoiialistic  interpretation  is  the  twentieth  century  successor 
of  an  older  and  more  naive  subjective  concept.  According  to  the  crude 
subjective  view,  a  probability  is  no  more  nor  less  than  a  subjective 
degree  of  belief;  it  is  a  measure  of  our  ignorance.  If  I  assign  the  prob¬ 
ability  value  one-half  to  an  outcome  of  heads  on  a  toss  of  the  coin,  this 
means  that  I  expect  heads  just  as  often  as  I  cx|>ect  tails,  and  my  un¬ 
certainty  is  equally  divided  between  the  two  outcomes.  If  I  expect 
twic«  as  strongly  as  not  that  an  American  will  be  the  first  human  to  set 
foot  on  the  moon,  then  that  event  has  a  probability  of  iwo-ihirds. 

The  major  difficulty  with  the  old  subjective  interpretation  arises  be¬ 
cause  subjective  states  do  not  always  come  in  sizes  that  will  fit  the 
mathematical  calculus  of  probability.  It  is  quite  possible,  for  example, 
to  find  a  person  who  believes  to  the  degree  one-sixth  that  a  six  will 
turn  up  on  any  toss  of  a  given  die,  and  who  also  believes  that  the  tosses 
are  independent  of  one  another  (the  degree  to  which  he  believes  in  an 
outcome  of  six  on  a  given  toss  is  unaffected  by  the  outcome  of  the  pre¬ 
vious  toss).  This  same  individual  may  also  believe  to  the  degree  one- 
half,  that  he  will  get  at  least  one  six  in  three  tosses  of  that  die.  I  here 
is,  of  course,  something  wrong  here.  If  the  probability  of  six  on  a  given 
toss  is  one  sixth,  and  if  the  tosses  are  indcjrendent,  this  jrrobability  is 
considerably  less  than  one-half  (it  is  approximately  0.42).  For  four 
tosses,  the  probability  of  at  least  one  six  is  well  over  one-half.  This  is 
a  trivial  kind  of  error  that  has  been  recognized  as  such  for  hundreds 
of  years,  but  it  is  related  to  a  significaiii  error  that  led  to  the  discovery 
of  the  mathematical  calculus  of  probability.  In  the  seventeenth  cen 
tury,  the  view  was  held  that  in  24  tosses  of  a  pair  ol  dice,  there  should 
be  at  least  a  fifty-fifty  chance  of  tossing  at  least  one  double  six.  In  fact, 
the  probability  is  just  under  one-half  in  24  tosses;  in  25  it  is  just  over 
one-half.  The  point  of  these  examples  is  very  simple.  If  probabilities 
arc  just  subjective  degrees  of  belief,  the  mathematical  calculus  of 
probability  is  mistaken,  because  it  sj^.  !fics  certain  relations  among 
probabilities  that  do  not  obtain  among  .egrec.s  of  belief. 

Modern  personalists  do  not  interpret  probabilities  merely  as  sub¬ 
jective  degrees  of  belief,  but  rather,  as  co!  erent  degrees  of  belief.  To 
say  that  degrees  of  belief  arc  coherent  means  that  they  are  related  in 
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such  manner  as  to  satisfy  the  conditions  imposed  by  the  mathematical 
calculus  of  probability.  The  personalists  iiavc  seen  that  degrees  of  be¬ 
lief  that  violate  the  iiiatheinatical  calculus  involve  some  sort  of  error 
or  blunder  that  is  analogous  to  a  logical  inconsistency.  Hence,  when 
a  combination  of  tiegiecs  of  belief  is  incoherent,  some  adjustment  or 
revision  is  called  for  in  order  to  bring  these  degrees  into  conformity 
with  the  mathematical  calculus.  I'he  chief  objection  to  the  pcrsonalist 
view  is  that  it  is  not  objective;  we  shall  have  to  see  whether  and  to 
what  extent  the  lack  of  objectivity  is  actually  noxious. 

1  he  frequency  interpretation  goes  back  to  .Aristotle  who  character¬ 
ized  the  prt)bable  as  that  which  hapjtens  often.  Mure  exactly,  it  re¬ 
gards  a  jrrobability  as  a  relative  frequency  of  occurrence  in  a  large 
sctjuencc  of  events.  For  instance,  a  probability  of  one-half  for  heads 
on  tosses  of  a  coin  would  mean  that  ii<  the  long  run  the  ratio  of  the 
number  of  heads  to  the  number  of  tosses  approaches  and  remains 
close  to  one-half.  To  say  that  the  probability  of  getting  a  head  on  a 
particular  toss  is  one-half  means  that  this  toss  is  a  member  of  an  ap¬ 
propriately  selected  large  class  of  tosses  within  which  the  overall  rela¬ 
tive  frequency  of  heads  is  onc-half.  It  seems  evident  that  there  are 
many  contexts  in  which  we  tlcal  with  large  aggregates  of  phenomena, 
and  in  these  contexts  the  frctpicncy  concept  of  probability  seems  svcil 
suiterl  to  the  use  of  statistical  tcclinhpies— c.g.,  in  ejuantum  mechanics, 
kinetic  theory,  sociology,  and  the  games  of  chance,  to  mention  just  a 
few.  But  it  is  much  more  dubious  that  the  frequency  interpretation  is 
ai  all  applicable  to  such  matters  as  the  probability  of  a  scientific  hy¬ 
pothesis  in  the  light  of  tni|>iriral  evidence.  In  this  rase  where  arc  we 
to  find  the  large  classes  and  long  sequences  to  which  to  refer  our  prob¬ 
abilities  of  hypotliescs?  I  his  difficulty  has  seemed  insuperable  to  most 
authors  who  have  dealt  with  die  problem.  The  general  conclusion  has 
been  that  the  frequency  interpretation  is  fine  in  certain  contexts,  but 
we  need  a  radically  different  probability  concept  if  wc  are  to  deal  with 
the  probability  of  hypotheses. 

Returning  to  our  main  topic  of  concern,  wc  easily  see  that  each  of 
the  foregoing  three  probability  theories  provides  an  answer  to  the 
question  of  the  nature  of  plausibility  considerations  and  prior  prob¬ 
abilities.  -According  to  tlic  logical  interpretation,  hypotheses  are  plau¬ 
sible  or  not  on  the  basis  of  certain  a  priori  considerations:  on  this 
view,  reason  dictates  which  hypotheses  are  to  be  taken  seriously  and 
which  not.  According  to  the  pcrsonalistic  interpretation,  prior  prob- 
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abilities  represent  the  prior  opinion  or  altitude  of  the  investigator  to¬ 
ward  the  hypothesis  before  he  sets  about  testing  it.  Different  investi¬ 
gators  may,  of  course,  have  different  views  of  the  same  hypothesis,  so 
prior  probabilities  may  vary  from  individual  to  individual.  According 
to  the  frequency  interpretation,  prior  probabilities  arise  from  experi¬ 
ence  with  scientific  hypotheses,  and  they  reflect  this  experience  in  an 
objective  way.  To  say  that  a  hypothesis  is  plausible,  or  has  a  high 
prior  probability,  means  that  it  is  of  a  ty|)e  that  has  proved  successful 
in  the  past.  VVe  have  found  by  experience  that  hyjrothescs  of  this  gen¬ 
eral  type  have  often  worked  well  in  science. 

From  the  outset,  the  personalistic  interpretation  enjoys  a  major  ad¬ 
vantage  over  the  other  two.  It  is  very  difficult  to  see  how  vse  are  to  find 
non-arhitrary  a  priori  principles  to  use  as  a  basis  for  establishing 
jsrior  probabilities  of  the  a  priori  type  for  the  logical  interpretation, 
and  it  is  difl[icult  to  see  how  we  are  reasonably  to  define  classes  of 
hypotheses  and  count  frequencies  of  success  for  the  frequency  inter¬ 
pretation.  But  personal  probabilities  arc  available  quite  unprob- 
lematically.  Each  individual  has  his  degree  of  belief  in  the  hypothesis, 
and  that's  all  there  is  to  it.  Coherence  demands  that  degrees  of  belief 
conform  to  the  mathematical  calculus,  and  Bayes’  theorem  is  one  of 
the  important  relations  to  be  found  in  the  calculus.  Bayes'  theorem 
tells  us  how,  if  we  are  to  avoid  incoherence,  s  ;  Tiust  modify  our  de¬ 
grees  of  belief  in  the  light  of  new  evidence.  The  personalists,  who 
constitute  an  extremely  influential  school  of  contemporary  statisti¬ 
cians,  are  indeed  so  closely  wedded  to  Bayes’  theorem  that  they  hai  e 
even  taken  its  name  and  are  generally  known  as  "bayesians.” 

The  cliicf  objection  to  the  personalist  approacli  is  that  it  injects  a 
purely  subjective  element  into  the  testing  and  evaluation  of  scientific 
hypotheses;  we  feel  that  science  should  have  a  more  objective  founda¬ 
tion.  The  bayesians  have  a  very  persuasive  answer.  Even  though  two 
people  may  begin  with  radically  different  attitudes  toward  a  hypothe¬ 
sis,  accumulating  evidence  will  force  a  convergence  of  opinion.  This 
is  a  basic  mathematical  fact  about  Bayes'  theorem;  it  is  easily  seen  by 
an  example.  Suppose  a  coin  which  we  cannot  examine  is  being 
flipped;  but  we  are  told  the  results  of  the  tosses.  We  know  that  it  is 
cither  a  fair  coin  or  a  two-headed  coin,  wc  don't  know  which,  and  we 
have  very  different  prior  opinions  on  the  matter.  Suppose  your  prior 
probability  for  a  two-headed  coin  is  1/100  while  mine  is  one-half. 
Then  as  we  learn  that  various  numbers  of  heads  have  been  tossed 
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(without  any  tails,  of  course),  our  opinions  come  closer  and  closer  to¬ 
gether  as  follows: 


Number  of 
tosses  re¬ 
sulting  in 
head 

1 

2 

10 


Prior  probability  that  coin  has  two  heads 

1/100  1/2 

Posterior  probability  on  given  evidence 
2/101  2/5 

4/103  4/5 

1024/1123  — .91  1024/1025  «  .99 


After  only  ten  tosses,  we  both  find  it  overwhelmingly  probable  that 
the  coin  that  produced  this  sequence  of  results  is  a  two-headed  one. 
This  phenomenon  is  sometimes  called  ‘‘swamping  of  the  priors,"  for 
their  influence  on  the  posterior  probabilities  becomes  smaller  and 
smaller  as  evidence  accumulates.  The  only  qualification  is  that  we 
must  begin  with  somewhat  open  minds.  If  we  begin  with  the  certainty 
that  the  coin  is  two-headed  or  with  the  certainty  that  it  is  not,  i.e., 
with  prior  probability  of  zero  or  one,  evidence  will  not  change  that 
opinion.  But  if  we  begin  with  prior  probabilities  differing  ever  so 
little  from  those  extremes  convergence  will  sooner  or  later  occur.  As 
L.  J.  Savage  remarked,  it  is  not  necessary  to  have  an  open  mind,  it  is 
sufficient  to  have  one  that  is  slightly  ajar. 

The  same  consideration  about  the  swamping  of  prior  probabilities 
also  enables  the  frequentist  to  overcome  the  chief  objection  to  his 
approach.  If  it  were  necessary  to  have  clearly  defined  classes  of  hy¬ 
potheses,  within  which  exact  values  of  frequencies  of  success  had  to 
be  ascertained,  the  situation  would  be  preny  hopeless,  but  because  of 
the  swamping  phenomenon,  it  is  sufficient  to  have  only  the  roughest 
approximation.  All  that  is  really  needed  is  a  reasonable  guess  as  to 
whether  the  value  is  significantly  different  from  zero.  In  the  artificial 
com  tossing  example,  where  there  are  only  two  hypotheses,  it  is  pos¬ 
sible  to  be  perfectly  open-minded  and  give  each  alternative  a  non- 
negligible  prior  probability,  but  in  the  serious  cases  of  evaluation  of 
scientific  hypotheses,  there  are  infinitely  many  alternative  hypothe.'cs, 
all  in  conflict  with  one  another,  and  they  cannot  all  have  non-neg- 
ligible  prior  probabilities.  This  is  the  problem  of  the  alternative  hy¬ 
potheses  again.  For  this  reason,  it  is  impossible  to  be  completely  open- 
minded,  so  we  must  find  some  basis  for  assigning  negligible  prior 
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probabilities  to  some  possible  hypotheses.  This  is  tantamount  to 
judging  some  hypotheses  to  be  too  implausible  to  deserve  further 
testing  and  consideration.  It  is  my  conviction  that  this  is  done  on  the 
basis  of  experience;  it  is  not  done  by  means  of  purely  a  priori  con¬ 
siderations,  nor  is  it  a  purely  subjective  affair.  As  1  tried  to  suggest 
by  means  of  the  examples  of  plausibility  arguments,  scientific  experi¬ 
ence  with  the  testing,  acceptance,  and  rejection  of  hypotheses  pro¬ 
vides  an  objective  basis  for  deciding  which  hypotheses  deserve  serious 
testing  and  which  do  not.  1  am  not  suggesting  that  we  proceed  on  the 
basis  of  plausibility  considerations  to  summary  dismissal  of  almost 
every  hyptothesis  that  comes  along;  on  the  contrary,  the  recommenda¬ 
tion  would  be  for  a  high  degree  of  o|ien-miiuledness.  However,  wc 
need  not  and  cannot  be  completely  open-minded  with  regard  to  any 
and  every  hypothesis  of  whatever  description  that  happens  to  be  pro¬ 
posed  by  anyone.  This  approach  shows  how  wc  can  be  reasonably 
openminded  in  science  without  being  stupid  about  it.  It  provides  an 
answer  to  the  kind  of  charge  made  by  the  editors  of  Harper’s;  Science 
is  objective,  but  its  objectivity  embraces  two  aspects,  objective  test¬ 
ing  and  objective  evaluation  of  prior  probabilities.  Plausibility  argu¬ 
ments  are  used  in  science,  and  their  use  is  justified  by  Bayes’  theorem. 
In  fact,  Bayes’  theorem  shows  that  they  arc  indispensible.  The  fre¬ 
quency  interpretation  of  probability  enables  us  to  view  them  as 
empirical  and  objective. 

It  would  be  an  unfair  distortion  of  the  situation  for  me  to  conclude 
without  remarking  that  the  view  I  have  been  advocating  is  very 
definitely  a  minority  view  among  inductive  logicians  and  probability 
theorists.  There  is  no  well  agreed  upon  majority  view.  One  of  the 
most  chullcnging  aspects  of  this  sort  of  investigation  lies  in  the  large 
number  of  open  questions,  and  the  amount  that  remains  to  be  done. 
Whether  my  view  is  correct  is  not  the  main  issue.  Of  far  greater  im¬ 
portance  is  the  fact  that  there  are  many  fundamental  problems  that 
deserve  extensive  consideration,  and  wc  cannot  help  but  learn  a 
great  deal  about  the  foundations  of  science  by  pursuing  them. 
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II.  The  Researcher  and  His 
Working  Environment: 
Research  Findings  and  Their 
Application 

FlovdC.  Mann 


The  researcher  himski.e  has  become  ;sn  object  ol  study  in  tlic  last 
ticcadc.  'I'licrc  is  now  a  siiiall  boily  of  knowledge  about  tlie  factors 
which  distinguish  the  more  from  tlie  less  clfc(  live  scientists  and  sci¬ 
entific  work  units.  This  knowledge  bank  iiu  hides  stmlies  by  Sbep.trt! 
(7),  Orth  (5),  l\l/.  and  Amlrews  {(i),  X'ollmei  (8.  !>,  10)  Mai(|uis,  and 
others  at  Mi  l  (li,  8,  1),  and  our  small  grouj)  (Neff,  Kriin  i,  and  Mann) 
stmlying  the  elfectiveness  of  .stieniili :  work  gioiips.  This  is  not  a  large 
fund  of  knowledge,  but  it  dues  (oniain  some  insights  and  suggestions 
for  inipros  ing  research  opeiations.  It  is  significant  that  already  there 
is  cievelojring  a  gup  between  what  is  known  and  what  is  being  used 
in  the  evei  yday  inanagement  ol  our  research  and  clevelopincni  lab 
oratories. 

It  is  the  objective  here  to  present  one  lesearchtr’s  view  ol  the  pres 
cut  slate  of  die  ai  t  regaiclitig  the  study  of  the  oigani/aiion.d  behavior 
of  scientists  and  (lie  utili/alion  of  this  knowledge  fur  uigani/aiiunal 
development.  I'lie  means  by  whic  li  this  will  be  done  is  to  describe  in 
some  detail  the  life  history  ol  one  secpience  of  studies  on  research 
management.  1  his  ease  study  ajiproach  will  piovicle  an  ovei  view  ol 
the  approach,  models,  and  eoneejrlualizatioiis  being  used  in  this  field, 

/■7.0}'/)  AJ/iXiV  i.i  fin  tn^anizutiffrin/  psycholi\^iit,  l)ir<rtor  of  the  Cvftter 
for  l{f  s<(i}rh  on  the  l’ti!iz<ition  of  Stirntifie  Kmnvltdj’t'  oiui  i*roff'ssor  of 
Ps^'chofoffif  (It  the  Univvryity  of  Mithi^fin.  fits  hox  focused  on 

the  soriol  ffsydiolo^icdl  f<i('lots  that  tfie  more  rjl('Ctii>c  from 

i.ht'  less  (ffective  uniM  in  hu.yiness  and  indit.Ur)',  ho\fnttds,  ^oi'crnmrnt 
Of'endcji,  ofid  rtscardi  /ohonitont'.f.  He  is  non'  coMCffi/Zfi/iiig  on  the  /^ro6* 
terns  of  knouded^c  utilization. 
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a  look  into  the  methodologies  of  measurement  and  change  being 
employed,  and  some  appreciation  of  the  difficulties  enconnlcicd  in 
doing  research  that  contributes  to  knowledge  and,  in  addition,  is 
helpful  to  the  laboratory  manager  and  his  associates. 

A  S  I  UDY  OF  WORKING  ENVIRONMENI  S  OF 
PROFESSIONALS 

Five  or  six  years  ago,  an  assistant  secretary  of  a  major  department 
in  the  federal  government,  responsible  for  that  unit’s  "R  and  D 
agencies,  "  asked  us  to  undertake  a  study  that  would  introduce  the 
managers  of  five  bureaus  and  agencies  to  what  behavioral  scientists 
have  been  learning  about  the  most  effective  ways  of  urganiring  and 
managing  complex  social  systems.  I'hc  charge  was  just  that  general 
and  it  was  given  in  just  that  amount  of  time,  as  he  left  for  a  meeting 
with  Congress  and  I  was  ushered  into  another  room  to  talk  with  the 
personnel  directors  of  these  agencies.  A  long  session  then  occurred 
in  which  I  described  the  way  in  which  our  group  of  social  scientists 
like  to  work,  and  they  described  the  wide  range  of  activities  performed 
in  their  organizations  and  the  problems  they  were  facing.  Our  method 
of  operation  involves  a  good  deal  of  collaboration  and  |)ur(icipatiun 
of  the  key  members  within  the  organization  studied,  the  formation 
of  study  teams  composed  of  members  from  inside  the  unit  and  mem 
bers  of  our  research  group,  and  the  joint  development  of  study  ob¬ 
jectives,  research  designs,  interviews  and  questionnaire  forms. 

As  our  study  got  underway,  we  learned  that  the  work  of  the  five 
units  was  indeed  as  varied  as  the  personnel  directors  had  indicated 
at  that  first  meeting,  Some  of  the  units  were  concerned  with  global 
measurements  and  with  the  development  and  standardization  of  new 
measurements,  others  with  the  documentation  and  protection  of  new 
discoveries  and  the  diffusion  of  new  knowledge.  Personnel  in  the 
agencies  ranged  in  job  grade  from  the  lowest  civil  service  ratings 
to  the  highest  professional  and  managerial  grades.  Many  of  the  pro¬ 
fessionals  were  trained  in  several  disciplines.  For  some,  their  work 
took  them  all  over  the  globe. 

After  familiarizing  ourselves  with  the  objectives  of  these  agencies, 
their  tasks,  their  personnel,  and  their  principal  problems  througli 
exploratory  interviews,  we  proposed  that  we  study  the  populations 
of  professionals  that  existeci  within  each  agency.  The  most  general 
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iiatcmcnt  of  our  objective  was  to  investigate  what  social  and  psycho¬ 
logical  factors  distinguish  the  inure  from  the  less  effective  working 
environments  of  such  highly  trained  piofessionals.  This  was  discussed 
first  with  the  personnel  directors,  then  with  the  agency  heads,  and 
finally  with  the  assistant  secretary. 

More  specifically,  we  proposed  to  study  the  way  in  which  organi- 
z.ational  factors,  like  leadership  and  supervision,  ccxirdination,  and 
distribution  of  influence,  alTccted  member  attitudes,  perceptions,  and 
motivation,  and  how  these  in  turn  were  related  to  organirational  unit 
effectiveness,  such  as  productivity,  efficiency,  and  adaptability,  and 
to  individual  member  feelings  of  self  actualization,  work  and  life 
satisfactions,  sense  of  well  being  and  health.  Our  stuc/y  design  had 
two  parts:  random  sample  attitude  and  |)erception  surveys  of  indi¬ 
vidual  professionals  at  three  levels— non-supervisory,  supervisory, 
and  management,  and  a  more  intensive  study  of  high  and  low  effec¬ 
tiveness  units.  Our  approach  was  (1)  to  collect  information  through 
questionnaires,  analyze  the  data  to  determine  how  members  at  var¬ 
ious  levels  saw  their  woiking  enviiuninents,  and  study  in  depth  what 
factors  were  associated  with  high  and  low  effectiveness  units,  (2)  to 
report  the  simple  descriptive  findings  and  the  results  of  the  more  com¬ 
plex  analyses  back  into  the  organization  for  management  review  and 
use  in  better  problem  assessment,  decision  making,  and  action.  The 
cycle  we  hoped  would  be  followed  was  measurement,  feedback, 
action,  and  rcmcasurement  after  a  period  of  time  to  see  if  the  action 
had  been  appropriate  to  meet  the  problem.  Data  from  the  remeasurc- 
ment  would  serve  as  the  basis  for  new  goal  setting  and  actions.  In  this 
manner,  we  expected  to  link  rescarcli  and  action  in  a  way  that  would 
be  useful  and  meaningful  both  to  supervisors  needing  information 
for  formulating  practical  solutions  to  problems  and  to  us  as  be¬ 
havioral  scientists  concerned  with  adding  new  information  about 
the  factors  affecting  the  effectiveness  of  professionals,  and  with  learn¬ 
ing  more  about  how  to  increase  the  effective  use  of  such  infui  ination. 

With  the  study  design  established  and  the  approach  agreed  u|)on, 
data  were  then  collected  by  paper  and  pencil  questionnaires  from 
about  1500  professionals.  \s  simple,  straight  run  findings  became 
available,  showing  how  the  professionals  at  diffeteni  levels  within  the 
same  agency  saw  things,  these  were  made  available  to  key  administra¬ 
tive  personnel  through  the  members  of  our  joint  research  teams.  The 
following  are  examples  of  some  of  these  findings. 


CHART  #1  jabS*«c^indOppani»Biiir»ftrpericd  far*  MafUf^rrarnc  mAfrmcy  A 
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Twu  of  the  more  extensive  <]uejtions  conrerned  the  imjMjrtancc 
prufessicMials  attached  to  difrciciit  aspects  of  a  jf)b,  and  the  extent 
to  whicli  their  present  job  actually  provided  an  o]>|M)rtunity  to  meet 
these  needs.  1  he  solid  line  on  Chart  1  shows  percent  of  top  manage¬ 
ment  personnel  in  Agency  A  who  said  that  each  job  factor  was  of 
great  or  utmost  im|>urtaiice  to  them.  I'he  dotted  line  indicates  what 
percent  of  this  same  gioup  felt  their  present  job  actually  provided 
opportunity  to  meet  these  job  needs. 

Four  out  of  five  (80  jK-rcent)  of  the  80  toj)  management  jiersonncl 
ill  Agency  A  iiulicalcd  that  it  was  of  great  oi  tiliiiost  iin|>ui  iance  to 
them  to  have  .r  job  in  wliich  they  could  make  full  use  of  theii  present 
knowledge  and  skills.  I  lnee  out  of  five  (CO  percent)  said  that  the 
provision  in  iheii  present  job  was  great  or  more  to  make  full  use  of 
their  piescnt  knowledge  and  skills.  ‘I'he  chart  iiulicales  that  this  groiij) 
had  less  of  the  job  faciois  they  pii/ed  most  highly,  and  more  of  the 
factors  they  valued  least.  1  hus,  this  chart  shows  ‘'the  fit”  of  exjircssed 
juij  needs  and  job  provisions  for  the  |>rofcssionals  in  key  administra¬ 
tive  positions.  Let  us  now  look  at  a  similar  cliai  t  for  the  professionals 
who  had  iiosupervisoiy  icspoitsibility. 

Chart  2  shows  that  the  kinds  of  opimi  tiincties  that  non-siipei  visory 
professional.--  in  Agency  A  want  arc  similar  but  nut  identical  in  order 
to  those  leported  as  ot  gie.ii  or  utmost  importance  to  top  manage¬ 
ment.  I'o  grow  and  learn  new  knowledge  and  skills,  to  make  full  use 
of  their  piesent  knowledge  and  skills,  to  have  freetium  to  carry  out 
their  own  ideas,  to  work  on  dilhuilt  and  challenging  problems  are 
highly  iin|>oi  taut  to  Ixith  groups  of  piofession.ils.  To  associate  with 
top  executives  in  the  organi/ution,  to  advance  in  administrative  au¬ 
thority  and  status,  to  work  on  problems  of  icnira!  !n!j.»o!  tatue  to  the 
agency  were  nut  of  great  or  utmost  in)|ioiiance  to  eitlier  population 
of  professionals. 

Perhaps  more  interesting  from  a  motivational  standjroinl  is  the 
much  larger  gaj)  between  wi.at  the  non-su|>crvisory  professional  wants 
from  his  job  and  what  he  feels  he  is  getting.  A  comparison  of  Cha’"s 
1  and  2  suggests  that  the  managerial  prolessiunals  in  this  agency  are 
coming  closer  to  obtaining  the  kinds  ot  things  they  value  the  must 
than  arc  the  noii-sujKi  visoiy  piofcssionals.  I  hc  gap  between  need 
and  provision  is  a  good  deal  larger  for  the  nun  supervisory  profes¬ 
sionals. 

This  gap  between  cxi>resscd  job  need  and  provision  was  even  larger 
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for  the  non-supervisory  professionals  in  two  other  agencies.  Charts 
3  and  4  show  how  dramatic  these  difTcrences  can  be.  In  general,  our 
straight  run  findings  regarding  these  two  sets  of  (questions  indicated 
that  top  nianageiial  and  intermediate  level  supervisors  were  meet¬ 
ing  more  of  their  job  needs  than  professionals  without  administra¬ 
tive  responsibility.  The  working  environment  that  the  top  managers 
were  creating  for  the  non-supervisory  professionals  vs’as  a  good  deal 
less  need-satisfying  than  the  working  environment  in  which  they 
found  themselves  or  which  they  could  create  for  themselves. 

Support  for  this  interpretation  of  straight  run  findings  was  given 
in  the  responses  of  three  different  levels  of  professionals  to  a  question 
about  their  involvement  in  their  work. 


"Soine  individuals  are  completely  involved  in  their  work — absorbed  by 
it  night  and  day.  For  others,  their  work  is  simply  one  of  several  interests. 
How  involved  do  you  feel  in  your  worki- 


Level  of  Professional 

Percent  Saying 

and 

Greatly  or  Completely 

Agency 

Involved 

Management 

Agency  A 

77% 

Agency  B 

78 

Agency  C 

88 

Si'pervijory 

Agency  A 

58% 

Agency  8 

41 

Agency  C 

22 

Non-Superviiory 

Agency  A 

30% 

Agenq'  B 

29 

Agency  C 

11 

Top  management  personnel  reported  themselves  as  being  more 
highly  involved  in  their  work  than  supervisors;  supervisors  were  more 
highly  involved  than  non-supervisory  professionals. 

Straight  run  findings  generally  showed  a  marked  and  significant  gap 
between  how  top  management  and  non-supervisory  professionals 
saw  such  things  as 

(1)  The  effort  made  to  place  people, 

(2)  the  opportunity  given  to  people  to  react  to  proposed  changes, 
and 


Job  .nd  Opp«<u„.,«  R,p„„rt  b,  Non  Sufrvmr,  Ptof«»n,U  in  A*tn«C 

Percent  ■■(•rwr“ 
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(3)  the  extent  to  which  the  immediate  supervisor  generally  tries  to 
get  subordinates'  ideas  and  opinions  in  solving  job  problems. 

These  are  but  a  lew  of  the  ma^^sof  findings  that  emerged  from  this 
first  step  in  our  study  of  professionals.  Sizeable  sets  of  tables  were 
prepared  for  each  agency.  Data  from  165  numbered  questions  were 
presented  by  organizational  levels  and  location— if  the  latter  was 
relevant.  Discussions  of  these  straight  run  findings  with  a  few  key 
managers  and  members  of  the  study  teams  in  each  agency  produced 
relatively  few  positive  steps  toward  action.  There  was  little  willingness 
to  draw  on  the  findings  from  other  studies  about  the  relationship  of 
member  attitudes  and  organizational  unit  effectiveness.  A  persistent 
question  was  "How  do  we  know  these  attitudes  would  relate  to  effec¬ 
tiveness  in  scientific  laboratories  or  units  like  ours?"  The  volume  of 
findings  seemed  to  be  too  large  to  handle  with  case.  Few  of  our  re¬ 
search  collaborators  were  familiar  enough  with  the  recent  literature 
regarding  organizational  behavior  to  read  such  tables  and  to  grasp 
the  meaning  of  the  finding  for  their  agency.  Even  fewer  were  willing 
to  try  and  think  through  the  implications  of  the  findings  for  change. 
Simple  answers  to  complex  questions  were  requested  often.  Old  axes 
were  brought  out  for  regrinding— if  the  data  seemed  consistent  with 
the  position  the  men  had  taken  some  time  before.  Relatively  little 
effort  was  committed  to  working  through  the  meaning  of  the  findings 
for  immediate  action. 

A  STUDY  OF  THE  DIFFERENTIAL  EFFECTIVENESS  OF 
WORK  SECTIONS 

To  sharpen  the  meaning  of  the  findings,  an  intensive  analysis  was 
undertaken  of  the  organizational  and  individual  factors  contributing 
to  the  effectiveness  of  work  sections  in  one  of  the  agencies.  Before  the 
data  had  been  collected  in  this  agency,  we  had  selected  at  random 
two  sections  from  each  of  fifteen  divisions.  We  then  asked  the  five 
key  management  men  who  were  primarily  responsible  for  the  admin¬ 
istration  and  direction  of  this  agency  to  rank  order  these  sections  ac¬ 
cording  to  five  dimensions  of  effectiveness:  productivity,  efficiency, 
adaptability,  coopera tivencss,  and  staff  recruitment  and  development. 
The  data  generated  by  this  process  indicated  that  a  single  measure 
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of  overall  unit  effectivenssi  could  be  used  as  one  criterion  of  unit 
elTcctivcness. 

Measures  from  the  questionnaires  that  had  been  given  to  super¬ 
visory  and  to  non  supervisory  personnel  that  were  similar  to  the  five 
dimensions  on  which  key  manageis  had  ranked  the  sections  were 
then  combined  into  a  single  overall  nieasiirc  of  effectiveness  anJ  com¬ 
pared  with  the  key  nianagcmcnt'a  evaluation  of  the  uui''-.  1  his  anal¬ 
ysis  established  that  there  was  a  good  deal  of  similarity  in  the  evalua¬ 
tion  of  threr:  levels  of  professionals  about  the  work  of  each  unit.  The 
unit  supervisor’s  evaluation  of  his  unit’s  effectiveness  was  highly  cor¬ 
related  with  that  of  the  non-supervisors  in  the  unit;  the  evaluators 
of  both  were  significantly  related  to  the  five  key  nianagi  is’  evaluations 
of  each  unit’s  effectiveness.  Having  established  a  rough  bvit  useable 
criterion  of  effectiveness,  an  extensive  investigation  was  undertaken 
to  see  which  of  all  the  mc.isurcs  we  had  been  studying  were  related 
significantly  to  the  key  manager’s  overall  measure  of  unit  effectiveness. 

This  analysis  also  revealed  a  large  body  of  findings.  Nfore  super 
visors  in  high  effectiveness  sections  (as  opposed  to  those  in  the  less 
effective  sections); 

—were  younger 

—hid  more  education 

—had  higher  civil  service  job  grades 

—were  similar  in  age  and  educational  achievement  with  the  scien¬ 
tists  in  their  sections 

— consid'‘red  their  occupation  more  important  in  their  lives  than 
their  family 

-were  more  likely  to  prefer  work  situations  which  afford  greater 
chances  to  exercise  authority  and  achieve  success  at  the  risk  of 
security  than  their  counterparts 

—viewed  periods  of  major  change  as  more  exciting  than  annoying, 
and  providing  an  opportunity  to  use  their  abilities 
-perceived  their  own  careers  in  terms  of  professions  or  specialties 
rather  than  the  public  service 

—identified  their  professional  colleagues  in  their  part  of  the  agency 
as  their  most  important  reference  group 
—tended  to  attach  high  importance  to  those  work  goals  that  are 
characteristic  of  the  scieiuifir  professional 
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—saw  research  and  dcvelopincnt  efforts  as  being  crucial  to  their 
agency's  basic  mission,  and  indicated  that  the  proportion  of  the 
agency's  total  resources  devoted  to  research  was  either  adequate 
or  that  a  greater  proportion  should  be  devoted  to  research 
—reported  high  levels  of  op|x>rtunity  on  their  jobs  to  attain  (1) 
their  scientific  goals,  (2}  their  socio-cinotional  goals  of  having  con* 
genial  co-workers,  of  being  evaluated  fairly,  and  of  having  stabil* 
i;y  oJ  employment,  and  (3;  their  public  service  goals 
-'r<'|wrted  high  overall  job  satisfaction 

—were  satisfied  with  their  opportunities  for  technical  and  admin¬ 
istrative  liaining 

—said  their  occupation  was  the  most  important  sector  of  their  lives, 
and  were  satisfied  with  their  performance  in  this  sector 
—said  they  wony  more  often  about  money  problems,  about  how 
good  a  job  they  were  doing,  and  about  feeling  "in  a  rut" 
—reported  fewer  mental  health  complaints  and  say  they  never  worry 
about  their  own  health 

—rated  their  immediate  superiors  very  high  or  high  on  (1)  using 
supportive  behaviors  such  as  getting  their  ideas  and  suggestions, 
giving  them  help  when  they  really  need  it,  being  available  for 
discussion  of  job  problems,  being  open  to  influence  to  a  consider¬ 
able  extent,  using  general  rather  than  close  supervision,  and  being 
good  at  human  relations,  (2)  on  coordinating  and  integrating 
activities:  being  up-to-date  on  new  policies  and  procedures,  plan¬ 
ning  work  so  that  time  is  not  lost,  assigning  work  so  that  there  is 
no  duplication  of  work  assignments,  doing  administi alive  activ¬ 
ities  well,  and  giving  little  attention  to  enforcing  rules  and  reg¬ 
ulations 

—reported  reciprocal  high  understanding  between  themselves  and 
their  subordinates  in  the  unit. 

This  was  a  partial  list  of  the  findings  regarding  the  differences  be¬ 
tween  supervisors  in  high  effectiveness  sections  and  those  in  the  low 
effectiveness  sections.  Many,  but  not  all,  of  these  findings  appeared  to 
hold  for  the  non-supervisory  professionals  in  these  same  sections. 

With  the  completion  of  these  analyses  and  the  identification  of 
the  factors  associated  with  unit  effectiveness,  it  was  then  possible  to 
combine  the  findings  from  the  random  sample  and  these  analyses  to 
determine  where  action  might  be  taken.  It  was  found,  for  example. 
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that  supervisors  ot  more  efTertivc  sections  laici!  llicir  division  heads 
higher  than  siiix;i  visors  of  less  effective  set  lions  on  the  tlimcnsions 
of  siip|K)itive  behus  ior.  With  this  as  a  fad  on  whit  h  to  build,  it  was 
then  jjossible  to  discover  by  studying  the  random  sample  findings 
that  while  90  jx:r  cent  of  the  supervisors  repot  lotl  iliey  felt  t oniplciely 
or  rather  free  to  discuss  job  problems  with  their  division  head,  only 
48  j)cr  cent  felt  their  division  heads  always  or  almost  always  try  to  get 
the  suf>ervisor's  ideas  and  opinions  in  solving  job  problems.  This 
combination  of  findings  suggests  that  any  investment  of  lime  and 
effort  in  trying  to  change  the  behavior  of  division  heads  might  |)ay 
greater  dividends  by  having  division  heads  ask  subordinate  profes¬ 
sionals  fur  their  ideas  and  opinions  rather  than  simply  continuing  to 
be  available  to  suborditiates  svhu  wish  to  discuss  job  problems  with 
them. 

This  full  set  of  findings  was  then  presented  in  the  form  of  charts 
to  the  top  management  of  the  agency.  In  many  respects,  this  was  an 
evening  of  frustration  again  for  both  the  managers  and  the  research¬ 
ers.  I  hcrc  seemed  to  be  too  many  findings  and  the  implications  for 
action  were  cither  not  seen  or  not  accepted.  The  researchers  were, 
however,  asked  to  summarize  the  findings  in  a  fesv  pages  and  present 
them  to  the  division  and  section  heads  of  the  agency  in  a  scries  of 
meetings. 

A  further  summary  was  then  prepared  and  a  series  of  two  to  three 
hour  meetings  were  initiated  with  fifteen  different  groujrs.  Different 
groups  of  scientists  and  professionals  responded  in  different  ways, 
but  all  were  generally  dubious  about  the  value  of  the  findings  and 
very  hesitant  to  consider  taking  any  action  on  the  ba^is  of  the  data— 
even  the  data  that  had  been  collected  from  their  own  agency.  An 
example  again  may  be  helpful.  The  chemists  meeting  with  us  to  re¬ 
view  the  data  on  the  first  day  indicated  that  they  found  the  charts  and 
our  summary  of  findings  very  complicated  and  difficult  to  understand. 
The  physicists  and  the  statisticians  in  the  afternoon  of  the  same  day 
indicated  they  felt  our  charts  and  summaries  were  too  simple  and 
did  not  present  enough  detail  about  our  measurements,  the  indices  we 
had  constructed,  and  our  methodology.  Careful  questioning  about  our 
research  design,  our  awareness  of  the  limitations  of  the  nature  of  the 
scales  used  in  our  questionnaires,  and  the  statistics  used,  led  them  to 
grant  that  the  study  appeared  to  have  been  carefully  done.  They 
quickly  added,  however,  that  there  was  little  or  nothing  that  was  new 
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in  the  findings.  As  supervisors  they  generally  mutually  reassured  eaih 
other  tliat  they  net  only  knew  thc.so  facts  hut  used  them  in  the  day-to- 
day  management  of  their  units.  Since  neither  top  management  nor 
the  supervisors  felt  it  was  necessary,  the  findings  of  the.  study  were 
not  reported  to  the  i.on-su^K'rvisory  professionals.  After  fifteen  ses¬ 
sions,  both  the  key  agency  personnel  and  the  members  of  our  research 
team  felt  that  not  much  more  could  be  accomplished  and  no  further 
efforts  weir  made  towaid  the  uliliration  of  these  findings  with  the 
members  of  this  agency. 


A  STUDY  OF  MANAGEMENT  KNOWLEDGE  UTILIZATION 
IN  RESEARCH  AND  DEVELOPMENT  I,ABORATORlES 

The  indifference,  the  misgivings,  and  the  sharply  expressed  doubts 
about  the  usefulness  of  our  findings  for  the  everyday  management  of 
laboratories  forced  us  to  explore  in  greater  depth  the  problems  of 
communicating  research  results.  To  gain  as  much  information  as 
possible  from  a  single  study,  a  new  group  of  researchers*  developed 
a  program  of  effort  around  an  extended  seminar  which  incorporated 
the  following  features: 

1)  A  variety  of  inputs:  c.g.,  research-based  theory  of  management 
and  human  relations,  research  findings  regarding  scientists  and 
engineers  in  general,  findings  alrout  scientific  work  group  ef¬ 
fectiveness,  and  survey  data  about  each  laboratory  director’s 
own  organization. 

2)  A  variety  of  formats:  e.g.,  extended  readings,  abstracts,  lectures, 
role-playing  and  group  discussion. 

3)  A  variety  of  laboratory  directors  whose  organizations  repre 
sented  a  range  of  management  problems  from  the  most  applied 
and  operational  to  the  most  basic  research. 

*  This  study  was  directed  by  Mann  and  Havelock.  A  full  account  will  be  pub¬ 
lished  under  the  title  of  /.earning  About  Hetearch  Manager, \tnt;  A  Study  in 
Knoti/ledgi  DiSusion  and  Utitiialion  (tentaiive  title)  by  Ronald  Havelock,  Floyd 
Mann,  William  Morria,  Marihatl  Saihkin,  with  the  asaliiance  of  John  Erfurt.  Tart 
of  this  description  draws  on  a  Final  Report  on  Contract  AF  89  (638)  1732  titled 
JteJearch  and  Development  Laboratory  Management  Knowledge  Utilitation 
Study,  by  Ronald  Havelock  and  Floyd  Mann. 
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4)  A  Kquence  of  planned  activities  over  a  six  month  period  to: 

Step  (a)-develop  an  understanding  of  the  social  science  re¬ 
search  findings 

Step  (b}-dcrivr  practical  implications  of  findings  for  change 
in  osvn  management  practices 
Step  (c)-cxpcriment  ami  try  out  practices 
Step  (d)--measurc  attitude  in  own  laboratory 
Step  (e)-aUow  for  the  involvement  of  the  director's  staff  in 
the  organizational  diagnosis  and  change  process 

5)  Continuous  monitoung  of  the  disseniinalion-iitiliration  process 
t  y  the  project  staff  using  tape  recording  and  analysis  of  all  in¬ 
put  sessions,  questionnaires  after  each  seMiion  asking  fur  evalua¬ 
tions  of  difterent  ly{>cs  of  inputs  and  different  patterns  of  work¬ 
ing  together,  and  extended  interviews  with  each  participant 
before  and  c her  the  series. 

Participanu  for  this  seminar  were  selected  from  the  available  pop¬ 
ulation  of  southeaster  n  Michigan  laboratories  whicli  were  reported  to 
have  staffs  of  90  or  more  professionals.  Three  steps  were  employed  in 
this  prcxcu:  (1)  a  ’etter  and  brochure  inviting  them  to  consider  in¬ 
vesting  four  to  five  hours  every  two  weeks  for  six  months  in  a  science 
tnanagement  seminar,  (2)  a  brief  telephone  interview  regard! iig  their 
interest,  and  (9)  a  visit  to  their  laboratory  for  an  extensive  discussion 
and  interview  regarding  the  seminar,  Eleven  directors  attcirded  the 
first  meeting;  ten  continued  after  the  initial  meeting;  eight  partici¬ 
pated  throughout  the  project— two  succumbing  to  cancer  and  coro¬ 
nary  attacks  during  the  six  month  period.  The  laboratories  of  these 
eight  had  a  wide  variety  of  minions;  iheir  work  rarrged  from  basic 
through  applied  research  to  systems  engineering  and  operational 
trouble-shooting.  The  staffs  of  these  laboratories  were  generally 
small,  all  under  100  except  for  one  with  270  professionals. 

The  seminar  staff  did  not  begin  with  any  fixed  ideas  about  what 
knowledge  from  the  growing  body  of  facts  relevant  to  laboratory 
management  ought  to  be  used,  or  how  this  information  might  best  be 
introduced  and  presented.  It  saw  its  role  as  that  of  Introducing  the 
managers  to  these  ideas,  tohcl]>  them  probe  the  implications  of  these 
hiidings,  and  to  assist  tlicni  in  thinking  through  the  meaning  of  these 
for  changes  in  their  own  behavior  or  the  operations  within  their 
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liiboialuiiL's.  Ill  .ilioi  t,  OKI  stalE  Ha\v  ilx  goal  as  being  to  ()[)liini/c  ihc 
(.uinlitiotis  fur  learning  and  iliangiiig,  and  (o  study  the  inmcss  uf 
Kai  ning  ami  ilianging  as  it  ok  hi  ted. 

rile  seminal  was  (uiuimted  in  twelve  sensiuiis,  liiwcekly  fioin  fan- 
iiaiy  tinuiigli  June  in  l'Jli7.  Meetings  were  frotn  .'i  (o  !)  PM  cadi  Mun- 
day  at  the  Faiilanc  CunleieiKe  (leinei  of  the  Univeisily  of  Midtigan. 
Diiiiieis  were  seised  at  ilie  (eiitei,  and  rveie  an  iiitegiiil  |Mit  of  the 
work  sessions. 

Four  tlistiiiit  ty|H.'s  of  knowledge  weie  imroilneed  as  inputs:  (1) 
eiiijniiial  social  rC/Caidi  (indiiigs  on  the  adininistiatiun  of  nientiru; 
and  engiiieeriiig  oigani/.ilioiis,  (L')  kiiotviedge  ol  luinia.i  lelatiuiis 
skills  having  innnedialc  |>ra(iiial  .spplieaiion,  (If)  pioblein  suintions 
and  inaii.'igeineiit  jnactites  fioni  own  exju'iienec  of  the  pai  tii  ipating 
direiiois,  aiitl  (1)  stnvey  lese.irdi  data  for  each  diiei  loi  especially  rol- 
leelcd  fur  this  project  from  inunibeis  of  his  own  lalxnatory.  'I'o  elab¬ 
orate  on  these  a  little  further,  the  basic  text  foi  the  seminar  was 
Siitntisls  in  Organizations,  by  Donahl  Pclr  and  Ftank  Andrews.  This 
was  siippleinettted  by  the  rnidiiigs  of  the  studies  repotted  e.irlier  in 
this  pajK't,  and  a  ioiiijiciiditini  of  detailed  abstracts  of  social  seienre 
research  on  scientists.  I'hc  practical  hntnati  iclations  skills  inpttts  in¬ 
cluded  niialy/ing  and  ctilicpiing  the  inatnicr  iti  which  a  group  is 
fiiiu liciniiig  ihrungh  the  use  of  pioiess  cvahialiott  techniipies,  Icain- 
iiig  to  listeit  actively  and  utiderstand  fully  the  ideas  and  feelings  of 
the  other  person,  and  iK'ltavioral  skill  piaeticc  and  testing  thioiigh 
role  playing.  Discussions  of  ptoblctiis  its  the  parii<  ipattts'  own  labora 
lories  atid  their  own  expeiienee  in  ineetiiig  these  gave  all  tnemlccis  a 
niuic  active  runtributittg  role  in  the  seinitiar.  1  he  jrossibiliiy  of  a 
survey  at  some  titne  was  touched  on  in  the  Itrixltiue  and  initial  inter¬ 
views,  but  this  was  not  pressed.  Ify  Ihc  ninth  nireliitg  all  pailicipanis 
were  very  c.agcr  to  obiaiti  and  share  this  lyjje  of  additional  infortna- 
tiuii  about  their  lalroratoi  its. 

The  seminar  sessions  did  not  wfiIow  a  fixed  foimai.  indeed,  an 
elfin  I  was  made  to  iliangc>each  nice  ling  to  ncconnncMiale  tlic  di sires  of 
the  pai'iic  ipanis  and  incoi  {Huate  the  Icai  iiiiigs  of  the  staff.  1  he  dcsigti 
did  call  for  some  emphasis  in  cadi  meeting  on  lesearch  linclings,  on 
human  icl.ilions  skills  coinepls  and  iiaioing,  on  colleague  .dialing, 
and  most  iiiipui i.mtly  on  the  pi.utical  imjclic alions  of  various  inputs, 
inciiiding  ac  to.d  lepoi  is  liy  participants  on  I  licit  hac  k-homc  elhnis  to 
apply  some  idea  dei  ived  fioni  llic  seiiiinar. 
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'l  ypiially  a  lucclitiK  wiuiUl  iK'f^in  at  abutit  r).!.')  I’M  wiili  a  l)ricl 
i'C|H>it  and  analysis  ol  tlic  sviillcn  irat'lioiis  lo  tltc  pirvinti.s  session. 
'I  his  was  done  to  re-eslalilisli  (ho  sense  of  loiitiiuiity  tlnougli  linking 
one  session  with  anothei.  I'snally  (his  irview  wonUI  l>e  lolluwed  by 
the  prcseiitatiun  of  a  pnihleni  hy  one  of  ilii!  partieipanis  oi  perhaps 
a  liinnan  lelalions  skill  (laining  ex<'ieise  developed  hy  the  stall'  or  the 
])a) (it  ipants  and  a  st.dF  ineinlit  i.  Dinnei  would  iollotv  at  alioiii 
and  would  l>e  given  over  to  reports  by  various  nionilscrs  esn  hatk-home 
cffoi  (s  t(»  try  ont  seininai  leai  nings.  Afiei  dinner  the  stall  might  make 
a  piesentaiion  of  new  hiulings  or  woik  with  (he  p.u lit  i|>aii(s  to  suin. 
ntai  i/e  and  1 1  itit|(ie  tht  leatinigs.  At  some  point  a  stall  iiiemht  i  won  Id 
make  an  cfToil  to  tinn  this  tlisenssion  tosvaid  iinplit  atiuns  fur  the 
lahttialoiy.  I'iiially  at  a  little  hefoie  nine,  the  stall  inembei  tout  ei  iit  tl 
svilh  the  pioti'ss  irl  (he  meeting  wtuiltl  h-atl  olf  the  tlismssion  of  tlie 
evening's  vaiioiis  jjaits.  hath  nieiiiber  wotdtl  he  encoiii aged  to  give 
his  rcaeiions  to  the  meeting  as  a  whole  anti  to  niciition  spet  ihe  inti- 
dents  in  it  that  may  have  Ircen  hothei sonic-.  The  airing  of  these  "hang¬ 
ups"  was  t onsisteiiily  seen  as  a  positive  .tspeil  of  the  meeting.  ,\t  the 
end  ol  eaih  meeting  .1  jiost  nitctiiig  reattion  tpiesiioiinaiie  was  filled 
out  hy  all  pat  lit  ipants  and  .stall. 

rite  seminar  began  slowly,  the  early  meeiiitgs  heinj>  tiominaled  hy 
one  or  two  iiitlivitlnals  who  aigmtl  stiongly  ag.iinst  the  valiiliiy  ol 
the  I’cl/  Antlicws  le.scaith  hiidings.  /\lst)  nutewoithy  in  these  caily 
sessions  sveie  niisatisfaetoiy  elfoits  to  btiild  gn»tip  prohlem  sttiving  tlis- 
t'ussions  aiouiid  teal  pruhlcms  biought  to  the  gmnp  hy  eat  It  diicetor. 
Ill  reirttspet  t,  ihc.se  eai  ly  met  tings  were  veiy  imnh  like  the  nfieen 
three  hour  ineelings  held  to  pieseni  the  rindiiigs  horn  the  siiivcy  of 
tiata  rcearding  profcssioii.als  in  the  tioveiiiiuent  ageuey.  I'o  a  tc!  tain 
extent,  (he  introdiieiion  ttf  the  human  relations  skill  ideas  tiel|>ed  the 
group  (hrmigh  hoih  of  these  tlinTiculiics. 

A  critical  turtiing  point  in  the  movement  ttiwaul  att  eptam  e  ttf  the 
research  rmdings  tunic  about  in  the  fifth  session  when  the  method¬ 
ology  and  the  findings  from  the  study  ttf  professionals  in  govei  iiinc ni 
laboratories  were  piesented.  Aflei  this  distussiuii,  thcie  svere  vety 
few  further  questions  about  the  valiility  and  mcaningfiilness  ttl  the 
iiieasuics.  'flic  group  was  able  i<t  move  on  iti  .a  set  ions  look  at  the 
implicatiuiis  of  the  fmtiings  forthangc. 

In  the  following  meeting,  the  sixth  i  f  the  scries,  Ihmaltl  Pel/  joined 
the  group  and  presented  tfic  synthes's  of  Itis  work  with  Aiichcws.  Par- 
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ticipants  were  very  impressed  wi.;h  Peiz  and  were  especially  apprecia¬ 
tive  of  the  openness  aiid  scientific  scepticism  with  which  he  ap¬ 
proached  his  osvn  data.  This  meeting  with  I’elz  was  the  high  jxiiiii  in 
the  first  half  of  the  seminar  ?s  indicated  by  the  total  satisfaction 
ratings  in  Chart  5. 

The  seventh  meet  mg  was  rated  low,  largely  because  of  a  very  un¬ 
successful  effort  by  two  directo.s  to  role  play  an  interview  on  a  real 
problem  presented  by  one  of  them.  They  had  ip'‘t  between  sessions  to 
prepare  and  had  effectively  svorked  through  any  differences  that  they 
had.  in  spite  cf  this  losv  taring,  this  meeting  marked  the  initiation  of 
two  new  activities  which  would  establisli  the  pattern  of  tlic  remainder 
of  the  seminar.  These  were:  first,  a  list  of  management  practices  im¬ 
plied  as  "good”  from  the  findings,,  and  second,  a  detailed  discussion  of 
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the  possible  uses  of  a  survey  on  one’s  own  laboratory.  In  each  subse¬ 
quent  session  some  time  was  devoted  to  these  elements. 

The  above  mentioned  list  of  possible  applications  is  reproduced  in 
Tabic  I. 


T.\BLE  I 

Impucation  Fin'mncs  Deiuvei>F«om 
"Ckeative  Tensions  in  the  RESrARcai 

AND  Dr.VtLOl’MENT  CUMATE,” 

By  Donald  C.  Pelz  in  Science,  July  14,  l967 

The  maiiagcnicnt  aciiuiis  listed  below  are  suggested  as  those  which  might  bring 

about  a  greater  sense  of  security  on  the  one  hand  and  challenge  on  the  other  to 

create  a  production  climate  in  the  R  i-  D  laboratory. 

1.  Insure  that  once  or  twice  a  year  each  man  products  a  product  which  bears  his 
own  name — even  if  a  joint  docunient  must  be  broken  into  pans. 

2.  A  single  chief  should  not  assign  tasks,  judge  result!,  evaluate  performance,  and 
recommend  pay  increases  or  promotions  by  himself. 

3.  In  review  sessions  with  executives  or  clients,  include  the  engineer  who  is  doing 
the  work,  and  let  him  do  some  of  the  talking,  not  just  his  chief. 

4.  Develop  a  flat  organizational  structure  with  fewer  levels. 

5.  Individual  and  his  supervisor  should  jointly  determine  assignments. 

6.  Give  the  younger  man  a  year  or  two  to  dig  into  his  main  project. 

7.  In  forming  teams,  managen  can  put  together  individuals  who  have  similar 
sources  of  motivation — who  arc  mlcristcd  in  the  same  kinds  of  problems. 

8.  The  lupcrvisoi  can  encourage  cohesion  by  giving  credit  to  the  group  rather 
chan  to  himself. 

9.  The  fiipen'isor  can  build  mutual  respect  by  publicizing  the  contribution  of 
each  member. 

10.  The  supervisor  can  strengthen  teamwork  through  .  ..,'-*tition  with  other 
groups  in  the  solution  of  technical  problems. 

11.  The  R  R:  D  manager  can  often  steer  the  Kieniisi  to  others  who  can  give  or 
use  help. 

12.  He  can  invite  the  individual  to  talk  to  a  seminar. 

1 3.  Set  up  study  teams  and  evaluation  groups. 

14.  Tosc  problems  which  require  consultation  for  their  solution. 

15.  Invite  members  of  an  older  group  to  shoot  boles  in  each  other's  presentation. 

16.  When  forming  a  new  project  committee,  he  can  include  individuals  who  like 
each  other  but  who  use  dilTereiu  strategies. 

17.  Periodic  regrouping  of  teams — always  with  the  consent  of  persons  involved. 

18.  Give  a  yuunger  scientist  each  year  a  second  shorter  assignment  which  demands 
that  he  learn  a  new  skill. 

19.  In  an  older  man,  interest  in  pioneering  can  be  kept  strong  by  tempting  him 
with  |)robIcins  outsiuc  his  area  ot  v.  pertise. 

20.  Set  up  refresher  con  ses. 

21.  Ana  .  • '  thaiical  cxciianges  vsiih  a  university. 
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ill  subsequent  sessions  this  list  was  subjected  to  intensive  study  and 
discussion  and  appeared  to  be  a  springboard  to  actual  utilization 
eSorts  in  each  of  the  participating  laboratories.  It  also  became  a  key 
feature  of  our  efforts  to  evaluate  progress  toward  utilization.  On  the 
whole,  the  directors  found  little  trouble  in  accepting  items  which 
would  have  created  a  greater  sense  of  security  (autonomy,  self-reliance, 
specialized  competence  and  self-confidence),  but  appeared  to  be  more 
wary  of  actions  wliich  might  bring  about  a  greater  degree  of  challenge 
(vigorous  interaction,  intellectual  competition). 

The  twelfth  and  final  session  was  an  all  day  meeting  held  on  a 
Saturday  at  the  Institute  for  Social  Research  in  Ann  Arbor.  It  was 
given  over  almost  entirely  to  a  feedback  of  the  survey  findings  in  six 
of  the  eight  laboratories.  In  spite  of  the  great  volume  and  complexity 
of  the  feedback  data,  all  the  directors  were  deeply  involved  through¬ 
out  this  day,  focusing  their  attention  on  information  in  their  own 
organization  with  the  data  from  the  five  others  listed  side-by-side  for 
comparison.  As  has  been  observed  in  the  past  in  other  studies,  the 
impact  of  such  self-relevant  data  was  very  powerful,  Tt  is  noteworthy 
that  all  those  who  had  data  on  their  own  laboratories  rated  them¬ 
selves  "extremely  satisfied"  with  this  last  session. 

A  major  effort  was  made  to  collect  as  much  information  as  possible 
about  the  impact  of  this  seminar.  Meetings  were  taped  and  analyzed;, 
questionnaires  were  administered  after  each  session  in  which  ratings 
for  the  meeting  as  a  whole  and  each  different  segment  were  obtained, 
along  with  reports  of  efforts  at  utilization  between  sessions.  In-depth, 
focused  interviews  were  held  with  each  participant  after  the  seminar 
to  learn  what  he  had  learned  and  what  he  was  trying  to  apply.  While 
the  survey  of  laboratory  staff  was  taken  primarily  to  provide  addi- 
tioiial  learning  material  for  the  directors,  it  also  contributed  to  our 
understanding  of  the  extent  to  which  personnel  within  laboratories 
saw  changes  reported  by  the  directors  themselves.  Actual  on-site  ob¬ 
servations  in  the  laboratories  over  a  period  of  tune  and  records  of 
achievement  and  productivity  could  not  be  attempted  because  of 
budget  and  time  limitations. 

Analyses  of  the  data  collected  during  the  life  of  this  seminar  and 
through  interviews  a  year  later  indicate  that: 

(1)  the  directors  generally  reported  increasing  satisfaction 
throughout  the  seminar. 
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(2)  behavioral  science  data  discussions  and  intellectual  inputs 
regarding  research  findings  were  well  received,  especially  after 
early  questions  about  validity  were  resolved. 

(3)  the  practical  human  relations  skills  inputs  were  highly  appre¬ 
ciated,  particularly  the  procedures  for  ensuring  man-to-man 
communication  and  for  critiquing  the  process  of  a  meeting. 

(4)  sharing  with  colleagues  and  problem-sol ving  sessions  around 
real  problems  brought  to  the  group  by  participants  were  gen¬ 
erally  disappointing  with  one  or  two  exceptions. 

(5)  all  the  laboratory  directors  were  able  to  describe  changes  in 
attitude  and  practice  which  the  staff  rated  as  constituting  genu¬ 
ine  utilization  of  seminar  learning.  These  ranged  in  number 
from  three  for  one  laboratory  director  to  eighteen  for  another. 

(6)  there  war.  a  steady  trend  in  all  participants  through  a  utiliza¬ 
tion  sea  t'Om  meeting  to  meeting,  with  cognitive  awareness 
and  understanding  occurring  first,  with  acceptance,  internali¬ 
zation,  and  planning  for  use  developing  next,  and  with  com¬ 
mitment  to  try,  actual  use,  evaluation,  and  adoption  for  con¬ 
tinued  use  coming  much  later— according  to  our  tape  analyses 
of  the  seminar  sessions. 

SUMMARY 

What  are  some  of  the  principal  implications  of  these  first  years  of 
research  on  the  working  environments  and  the  study  of  the  processes 
required  to  ensure  utilization  of  such  research  findings  in  the  manage¬ 
ment  of  laboratories? 

1.  Social  scientists  are  able  to  identify  individual  and  organiza¬ 
tional  factors  which  distinguish  productive  climates  and  work¬ 
ing  environments  for  scientists  and  engineers. 

2.  Most  of  these  findings  are  consistent  with  what  laboratory  di¬ 
rectors  report  they  would  expect— and  fesv  feel  there  is  much 
they  have  to  learn  intellectually. 

3.  A  maj  jr  problem  is  the  difference  between  what  is  known  intel¬ 
lectually  and  what  is  known  behaviorally  and  is  regularly  used 
in  the  maiiagement  of  their  laboratories. 

4.  ’Exposure  to  empirical,  quantitative  findings  from  carefully 
designed  surveys  oots  not  lead  to  quick  acceptance  of  these  facts. 
Challenge  and  resistance  is  a  common  response  at  first  and 
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perhaps  a  necessary  step  toward  real  awareness  and  understand¬ 
ing,  then  acceptance,  and  perhaps  the  eventual  adoption  and 
use  of  such  findings. 

5.  Effective  seminars  utilizing  a  variety  of  intellectual  and  behav¬ 
ioral  inputs,  building  on  own  experiences  and  research  findings 
from  other  laboratories  can  lead  to  the  use  of  these  findings. 

It  is  evident  from  this  account  that  careful  research  is  just  begin¬ 
ning  in  this  complex  field  of  research  management.  The  energy  and 
support  required  to  develop  this  new  area  of  investigation  will  not  be 
small,  but  the  value  of  such  research  in  a  society  increasingly  depen¬ 
dent  on  new  discoveries  and  innovation  is  obvious. 
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III.  Communication — Sine  Qua 
Mon  of  the  Behavioral  Sciences 

Lee  Thayer 

It  is  extremely  difficult  to  talk  sense  about  communication.  There 
are  a  number  of  reasons  why  this  is  so,  and  some  awareness  of  the 
reasons  for  that  difficulty  is  an  impoitanf  preliminary  for  anyone  who 
is  seriously  interested  in  the  subject.  So  that  is  where  this  paper  must 
begin. 

SOME  FUNDAMENTAL  DIFFICULTIES 

It  woul(<  be  impossible  to  indicate  an  order  of  importance  of  the 
several  difficulties  to  be  faced  in  trying  to  talk  sense  about  communi¬ 
cation.  What  for  one  reader  may  stand  as  a  serious  obstacle  may  be 
of  little  consequence  for  another.  Hence  I  make  no  claim  that  the 
sequence  in  which  these  difficulties  are  presented  in  an  /  way  repre¬ 
sents  the  order  of  their  importance.  Since  it  is  conceptval  difficulties 
we  are  faced  with,  the  pertinence  of  any  one  of  them  for  each  reader 
can  be  determined  only  by  the  individual  reader. 

Familiarity,  Popularity 

One  difficulty  of  major  import  is  the  fact  that  the  phenomenon  of 
communication  is  a  familial  one  to  most  of  us.  And  the  term  is  a  very 
popular  one  these  days.  From  an  individual  point  of  view,  the  more 
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familiar  a  phenomenon,  the  more  difficult  it  is  to  develop  a  sound, 
empirical  understanding  of  it.  From  an  aggregate  point  of  view,  the 
more  talked  about  a  phenomenon  is,  tire  more  dilHcult  it  becomes 
to  develop  scicntifically-sound  conceptualirations  of  it.  It  is  further¬ 
more  quite  difficult  to  come  to  grips  with  a  phenomenon  so  vital  to 
our  behavior.* 

Lack  of  a  Discipline 

A  second  difficulty  is  the  fact  that  there  exists  no  single  scientific 
discipline  having  an  exclusive  interest  in  communication  or  a  sys¬ 
tematic  body  of  knowledge.  There  are  loo.se  "professional”  associa¬ 
tions  of  persons  having  some  part  interest  in  communication,  of 
course,  as  well  as  academic  programs  built  u|)on  some  special  orienta¬ 
tion;  and  there  is  undoubtedly  an  “invisible  college"  of  scholars  whose 
scientific  interests  and  pursuits  with  respect  to  communication  do 
overlap  to  some  degree.^  But  there  is  nothing  like  the  disciplinary 
foundations  one  sees  in  physics,  for  example. 

Closely  related  is  the  fact  that  the  phenomena  of  communication 
are  so  basic  to  the  life  and  behavioral  sciences  that  they  transcend 
most  of  the  arbitrary  disciplinary  boundaries  which  do  exist.  Each 
discipline  thus  appropriates  some  part-aspect  of  the  total  process  of 
communication  as  a  matter  of  proprietary  concern,  the  consequence 
being  a  discontinuous  and  fractionated  hodgepodge  of  terms  and 
approaches  which  doesn’t  add  up  to  much  more  than  any  of  the  pieces. 
Not  only  is  there  no  single  core  of  knowledge  to  draw  upon,  but  there 
is  often  no  way  to  relate  the  part-aspects  to  one  another.  Each  disci¬ 
pline  is  destined  to  study  its  own  myopias.  Because  the  phenomena 
of  communication  are  so  basic  as  to  have  some  relevance  for  all  sci¬ 
entific  disciplines,  and  because  each  of  the  often  diverse  points  of 
view  brought  to  bear  is  self-icgitimizing,  no  comprehending  body  of 
knowledge  is  likely  to  emerge  in  the  near  future.  It  is  like  a  piece  of 
farmland  which  belongs  to  everyone  for  his  own  whimsical  uses;  it 
stands  never  to  be  properly  cultivated  or  systematically  productive. 

Approachable  Both  Operationally  and  Scientifically 

A  third  difficulty  is  the  fact  that  communication,  unlike  most  of 
the  other  subjects  treated  in  this  volume,  can  be  approached  either 
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(or  bolli)  as  an  ojicr.itional  or  as  a  scirnlific  phcnonu  non.  Tliat  is, 
communication  is  not  only  somclliing  iliat  can  be  studied,  it  is  some- 
thing  most  of  us  do.  Wltile  it  would  seem  odd  to  try  to  talk  about 
someone  "physic-ing"  or  "psychology-ing,''  it  is  easy  ’o  talk  about 
"communicating." 

This  is  an  especially  potent  difficulty,  for  there  is  no  necessary  re¬ 
lationship  between  our  scientific  knowledges  and  the  uses  to  which 
those  knowledges  arc  put.  What  the  physicist  learns  from  his  in¬ 
quiries  into  the  nature  of  things  is  not  likely  to  alter  significantly  his 
own  social  behavior.  So  it  is  with  the  traditional  psychologist.  The 
difficulty  arises  from  the  pervasive  ambiguity  that  surrounds  most 
of  the  writing  and  the  talk  that  goes  on  about  communication;  is  it  in 
the  spirit  of  scientific  inquiry  or  operational  usefulness?  Is  the  pur* 
pose  to  develop  a  reliable  theory  of  the  phenomenon,  or  to  figure  out 
how  to  "communicate"  better  in  some  way? 

The  fundamental  issue,  as  Donald  MacKay  has  often  urged,*  is 
whether  or  not  there  is  a  need  for  a  theory  of  communication  as  dis¬ 
tinct  from  a  body  of  practical  knowhow.  It  would  require  too  much 
space  to  address  that  issue  here.  An  awareness  and  an  appreciation  of 
this  basic  difficulty  seems  to  me  to  be  indispensable  to  ati  adequate 
posture  for  coming  to  conceptual  grips  with  the  phenomena  of  com¬ 
munication. 

Scientism  and  the  Mystique  of  Technology 

A  fourth  difficulty  lies  in  the  incompatibility  of  our  seemingly  in¬ 
exhaustible  faith  in  scientism  on  the  one  hand,*  and  on  the  other 
the  nature  of  the  phenomenon  itself.  The  power  of  the  scientific  ap¬ 
proach  is  hardly  to  be  doubted.  But  the  cult  of  scientism  is  remarkably 
barren.  The  increasing  efloi  is  lieing  made  to  "scicntizc”  comniunica- 
tion  will  likely  reveal  little  more  about  tlie  phenomenon  than  the 
limit^  of  its  scientizability. 

Closely  related  is  the  fact  that  we  suffer  a  deeply  embedded  cul¬ 
tural  belief  in  technology  as  the  answer  to  our  problems.  The  illusion 
is  that,  no  matter  what  the  nature  of  our  problems,  w-e  have  only  to 
await  or  urge  on  the  development  of  some  new  technology  and  those 
problems  will  be  solved.  Yet  the  human  and  "organizational"  com¬ 
munication  problems  sve  have  today  arc  not  basically  different  from 
tliose  Confucius  pondered  more  than  twenty  centuries  ago.  A  fan- 


COMMVNICATKW  AND  ntllAflOHAI  SUtNCE-S  M 


tastic  array  of  technology  lias  evolved;  but  tacitly  assuming  these 
leclmologics  to  be  an  acliijuatc  substitute  fui  a  sound  and  compre¬ 
hensive  understanding  of  the  phenomenon  has  led,  not  to  the  solution 
of  our  so-called  "comnninicatiuii  piublems,"  but  to  an  intcnsiricaiioii 
of  them. 

In  short,  the  inclination  to  assume  that  cunniiunicaiioii  is  svhaiever 
is  easily  and  handily  sciciuiz.iblc  about  it,  and  the  inclination  to  as¬ 
sume  that  technological  progress  is  equivalent  to  understanding,  arc 
basic  difficulties  standing  in  the  svay  of  talking  sense  about  coniniu- 
nication. 

Basic  REcoNCEPTUALirATioN 

Finally,  it  is  exceedingly  more  difficult  to  reconccptualizc  some¬ 
thing  as  basic  and  as  ubiquitous  as  communication,  and  to  come  to 
terms  with  the  implications  of  that  basic  rcconceptualization,  than 
it  is  to  accumulate  new  knowledges.  The  ways  in  which  we  tradition¬ 
ally  and  conventionally  conceive  of  commiiuication— those  being 
inadequate  and  untenable-stand  as  obstacles  w  more  adequate  and 
more  potent  ways  of  conceiving  of  communication.®  But  the  lifeblood 
of  science  has  always  been  infused  by  its  basic  rcronccpiuali/ations, 
not  its  “lescarch,”  What  is  needed  now  to  provide  this  sort  of  impetus 
for  conceptual  progress  in  the  study  of  oornmnnication  is  a  basic 
rcconceptualization  of  the  underlying  phenomena, 

That  is  what  I  would  like  to  try  to  do  in  this  paper:  suggest  some 
ways  of  reconceptualirip-g  (he  phenomena  of  touinmnication  which 
offer  a  tneans  of  organizing  a  wide  range  of  facts  and  ideas  from  a 
wide  range  of  disciplines  of  the  life  and  iK-haviorai  sciences  having 
some  part  interest  in  communication— cyljcrnctics,  information 
theory,  psychology,  systems  theory,  sociology  and  anthropology,  cog¬ 
nitive  studies,  and  so  on. 

The  reason  (or  this  long  digression  is  that  this  is  a  task  to  be  faced 
only  when  the  kinds  of  difficulties  descriltcd  above  are  in  full  and 
meaningful  view. 

OBJECTIVES 

For  Uiese  same  reasons,  it  would  not  be  especially  piofitabie  to 
survey  here  the  "state-of-the-art”  of  ttuman  communication  theory— 
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or  research.  The  coiiccpHial/theoiciiial  foii:iila(ion»  aie  nciilut 
somul  nioiigli,  nor  bioailly  ciKMigh  bases!.  Most  of  (lu*  "it.sc.mii”  that 
has  bet'll  |)iu(bueii  lo  <lalc  is  liieicfoic  of  (Miesiioiialik-  value.  'I  Inis, 
my  objeitives  iieie  aic  liiiccietl  not  to  tlie  ji  ientilie  (trcomjiliihniefits 
of  tliis  patciiwurk  "(iciil,  "  Inn  to  the  pressing  scientihe  nerd,  eu.. 

1.  To  stiiiitilaie  soinr  (honght  alMim  ss'hy,  -ainl  in  svhat  svay;-,  toin- 
munieation  anu  its  lelatci!  phenoniena  are  the  sine  iji.n  non  of  the 
behavioral  .sciences; 

2.  T  o  present  a  basic  ronrcjitual  framcwtirk  for  approat  hing  those 
jrhcnomen.i  oinpii  itally  and  .sysieinaiit  ally;  and 

3.  To  provide  a  way  of  gi.neiaiing  some  of  the  far-ranging  iinph- 
cations  of  this  conceptual  foundation. 

SOMK  BASIC  CONCl-rTS 

At  the  outset,  sonic  basic  propositions  and  distinctions  need  to  be 
introduced. 

Communication 

First,  it  will  be  useful,  if  not  necessary,  to  coiuoive  of  comuiunica- 
tion  as  one  of  the  two  basic  life  piocesses-one.  of  conrse,  being  tbc 
ingestion  and  processing  of  energy,  the  other  being  the  acqtiisiiion 
and  jmicessing  of  infornnatton,  or  comnmnication.  Just  as  the  crucial 
coni|)oncnt  of  physical  metabolism  is  the  conversion  of  raw  environ- 
mcnt.il  processes  into  eneigy  fomis  tuiisimiable  or  piocessable  by  a 
particular  living  system,  the  cmcial  coinjroncirt  of  the  coinmunica 
tion  process  is  the  conversion  of  raw  event  data  into  fortiis  of  infoetna- 
tion  consumable  or  proccssable  by  that  living  system, 

Communication  is  not,  therefore,  a  uniquely  human  jihenomeuon. 
We  have  been  greatly  disadvantagcil  by  the  assuiujition  liiat  com¬ 
munication  is  something  peculiarly  human,  when  in  fact  the  process 
is  as  basic  and  indis|>cnsablc  lo  living  systems  as  is  their  physical 
metabolism. 

Communication  anu  Ini>:ri;ommunii;aiton 

One  immediate  advantage  is  that  a  distinction  nuisi  be  made  be¬ 
tween  communication  and  intercommunication.'*  I  hc  distinction  can 
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most  dcaily  bo  mado  in  tovms  of  tlicscparau-  (nnoiions  ca<  h  subset vcs. 

"rho  primitive  functions  of  comimmbv'.Jion  for  all  oom]>l(  x  living 
svslcnisarc  tbosoof 

a)  "mapping  "  into  itself  relationships  between  itself  and  some 
temporary  or  recmreiit  asj)eri(s)  of  its  eirviioiMiient  (adaptation),^ 
or 

b)  confirming  those  relationships  or  the  resulting  orientations,  to 
lire  ends  of  the  stability  oi  the  diiection  of  giowih  or  movement  of 
that  living  system. 

'I'hc  primitive  functions  of  inu  rccinininnicatioii—tbc  iulcntionul 
anil  muiual  piudiu  tioii  and  canjumntiim  of  cvctu-d.ita— are  ilicicforc 
tliose  o! 

a)  nmiua!  adaptation  and/or  m.!nipa!.ition  (or  tontioi),  whidi 
in  turn  icsults  in 

b)  die  building  aiul/or  confuming  of  aggregate  stiiu  tnies  surh  as 
family  uniis,  cusniinmiiies,  societies,  etc.,  and,  at  the  liuinan  level, 
of  insilimions,  culiuies,  ideologies, cii. 

an  uiiJctstandiii!;  e»(  comniuiiiititiu))  at  the  Inunaii  level 
is  bu  idly  j.ossible  withum  a  (omeption  ol  iiitemnitiiumie.uion.  it  is 
nc'itcssary  to  keep  in  mind  that  iviumnniiatiou  and  imeHoinimniic.i- 
tion  .ate  dillciAiit  (trotesses  su!>sei  viiig  dilieient  (though  often  n  l  tteil) 
ends.  '1  iic  technologies  employi il  in  speiifie.dly  fitiin  ut  eoiniiiunii.i 
tion  and  i[iteiconi)iiiiiii(.aiion  may  dihii,  bm  the  piiiiiiiive  runctions 
subserved  arc  sirniiar  throuehoui  th;  iihvlom  neiii  si.alc 

X'  t  f 

'l  l  1  f,  Co .M  M IJ  N IC  ATI OM  AL  E N  V IRON  Rt  tN  t 

Wliat  IS  uiiipueiy  ehaiacietistic  of  huin.in  eoaiiViUniialiou  and  in- 
terconiiiuinieaiion  is  the  fact  that  the  teibiioiogiral  sojihisueaiion  of 
liunran  iiitc'reoinnumication  has  made  |>ossibie  the  .':me.*ge’nte  anel 
evolution  of  a  puiely  toiniimniiatiunal  enviroumont  or  reedity— i.e., 
ail  eiivirumrieiu  oi  reality  eonipriseet  ol  any  thing  that  laii  lx-  anil  is 
lalkeil  .abemi.  Wlnnevci  eao  be  and  is  t.dked  .dioiii  comprises  a  reality 
in  the  sense  iliat  it  must  be  ada|>ied  to  anil  elcali  with  in  much  the 
same  way  as  that  leahty  which  is  subject  einly  to  sensoiy  validation. 
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In  Other  words,  man’s  position  on  tiie  phylogenetic  scale  has  made 
possible  the  emergence  and  evolution  of  a  comnninicational  environ¬ 
ment  which  has  as  much  or  more  significance  for  man  than  docs  the 
physical  environment  for  the  "lower"  animals.  All  of  those  conditions 
which  function  as  determinants  of  man’s  thought  and  hence  his  be¬ 
havior,  blit  svhich  are  not  directly  verifiable  by  his  own  sensorium,  are 
aspects  of  his  communicational  environment.  Thus  most  of  what  we 
term  man’s  values,  beliefs,  ideologies,  aesthetic  standards,  etc.,  are 
ultimately  products  of  human  intei communication.  Taken  together, 
anything  and  everything  which  man  can  and  does  talk  about  com¬ 
prises  his  communicational  environment  or  communicational  reality. 
Whatever  one  or  more  men  can  and  do  talk  about,  but  which  is  not 
amenable  to  direct  sensory  contact  by  them,  has  no  reality  beyond 
what  can  be  and  is  said  about  it.  The  significance  of  his  communica¬ 
tional  environment  to  modern  man  makes  it  the  major  aspect  of  his 
total  ecology.® 

Teleological  vs.  7  elesitic  Behavior 

At  the  level  of  man,  it  is  necessary  to  make  a  distinction  between 
what  might  be  termed  his  "teleologicar’  contrasted  with  his  "telesitic” 
behavior,  We  can  do  so  easily  by  taking  a  brief  look  backward  along 
the  phylogenetic  scale. 

At  some  vague  point  along  that  scale,  self-reflexivity  emerges  as  a 
biological  possibility.  What  this  emergent  characteristic  enables  man 
to  do  is  conceive  of  himself  in  relation  to  those  aspects  of  his  environ¬ 
ments  which  he  must  or  would  encounter  bchaviorally. 

All  living  systems,  from  the  simplest  to  the  most  complex,  exhibit 
what  has  been  viewed  as  "purposive”  behavior  in  the  teleological 
sen.se;*  that  is,  given  that  every  healthy  living  system  is  continuously 
and  unavoidably  in  the  process  of  becoming  what  it  is,  the  behavior  it 
manifests  can  be  viewed  as  having  purposiveness  about  it.* 

Man’s  complex  biological  architecture  and  sophisticated  iter- 
communication  technologies  make  possible  an  exceptional  degree  of 

'Implying  dificrent  degrees  of  "intelligence,"  of  course.  An  interesting  example 
cited  by  E.  Laszio  (in  a  recent  issue  of  Main  Currents)  is  that  of  the  cat  and  the 
amoeba.  The  amoeba  evidences  no  anticipation  (or  "intelligence")  in  following  a 
target  such  as  a  puddle  of  water  with  the  appropriate  salinity.  It  exhibits  no  ability 
to  extrapolate  the  track  of  the  source.  Bin  a  cat  will  run  to  where  he  anticipates 
the  mouse  will  be  rather  than  i.here  it  is. 
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self-reHexivity;  he  is  capable  of  behaving  other  than  teleologically. 
Because  he  can  conceive  of  very  intricate  and  future-projected  rela¬ 
tionships  between  himself  (as  he  conceives  of  himself)  and  his  environ¬ 
ments  (incii’ding  other  people  and  his  expectations  of  their  concep¬ 
tions  of  those  relationships),  man  also  exhibits  telesitic  behavior— that 
is,  covert  or  overt  behavior  undertaken  as  rational  or  ‘  intelligent” 
means  to  self-determined  ends.  Living  systems  and  organized  aggre¬ 
gates  of  living  systems  (such  as  human  orgaiiizations)  arc  through  the 
behavior  of  their  members  both  self-organizing  and  evolutionary.  But 
overlaying  the  teleological  behavior  which  occurs  in  the  service  of 
those  ends,  bodi  man,  and,  to  a  greatly  limited  degree  some  of  his  de- 
mesticated  animals  and  the  "infrahuman"  primates,  evidence  "entre- 
preneurial"  behavior  consistent  with  self-images  or  .self-contrived  ends 
or  states.  This  capacity  carries  with  it  the  posribility  of  failure  to 
bring  about  intended  states-of-affairs— a  possibility  having  consider¬ 
able  import  for  the  condition  of  man  and  for  the  evolution  of  his 
particular  institutions  and  idcolcgies.'® 

Teleological  behavior  is  that  which  a  complex  living  sysicm  can  or 
must  engage  in  to  its  own  end;  telesitic  behavior  is  that  w’hich  man 
(e.g.)  would  engage  in  to  some  further  end. 

Of  relevance  here  too  is  the  fact  that  all  emergent  capacities,  such 
as  man's  capacity  for  self-reflexiviry  and  for  the  invention  of  communi¬ 
cation  and  intercomunication  technologies,  are  incipient  incapacities. 
Because  man's  intercommunication  abilities  can  be  deployed  “con¬ 
sciously,”  that  is,  consistent  with  his  own  self-images  and  intended 
states,  they  may  disadvantage  as  well  as  advantage  hiixi.  In  and  of 
themselves,  man's  capacities  for  communication  and  interconimuni- 
caiiuii  ..re  an’or.,!  'I'hcr..  no  ,Ti'^rc  L'.bsolutegOud  cr  rigiit  implic't  i.i 
man  s  sophisticated  intercommunication-abilities  than  in  ihe  appar¬ 
ent  muteness  of  butterflies.  The  sole  criterion  lies  in  the  consequences 
of  the  ways  in  which  those  capacities  are  deployed. 

Hence  the  crucial  importance,  in  the  study  of  human  commnnira- 
tion  and  intercommunication,  of  distinguishing  between  tclcologica! 
and  telesitic  behavior. 

Levels  of  An.vlysis 

As  one  of  the  two  basic  life  processes,  the  phenomenon  of  communi¬ 
cation  and  its  concomitants  have  pervasive  implications  for  all  of 
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man's  behavior.  Whatever  it  is  a  man  does,  qua  man,  can  be  carried 
out  only  in  and  tlirough  communication  and  intercommunication.  It 
is  for  this  reason  inconceivable  that  man  and  his  behavior  and  his 
artifacts  and  his  institutions  can  ever  be  adequately  and  accurately 
described  apart  from  a  full  description  of  the  underlying  processes  of 
communication  and  intercommunication,  the  sine  qua  non  of  the  be¬ 
havioral  sciences. 

Yet  the  very  pervasiveness  and  ubiquitousness  of  those  processes  and 
their  concomitants  make  it  necessary  to  approach  them  from  the  point 
of  view  of  one  or  more  "levels”  of  analysis. 

The  decisions  one  makes  about  which  levels  of  analysis  to  use  to 
guide  his  inquiries  arc  at  once  both  arbitrary  and  critical.**  1  have 
found  it  most  useful,  however,  to  approach  communication  and  inter¬ 
communication  phenomena  from  the  standpoint  of  these  broad  levels 
of  analysis; 

a)  the  intrapersonal  (the  point  of  focus  being  one  individual,  and 
the  dynamics  of  communication  as  such); 

b)  the  interpersonal  (the  point  of  focus  being  a  two  or  more  per¬ 
son  interactive  system  and  its  properties— the  process  of  intercom¬ 
munication  and  its  concomitants); 

c)  the  multi-person  human  enterprise  level  (the  point  of  focus 
being  the  internal  structure  and  functioning  of  multi-person  hu¬ 
man  enterprises); 

d)  the  enterprise  *. — ^environment  level  (the  point  of  focus  being 
upon  the  interface  between  human  organizations  and  their  environ¬ 
ments);  and 

p)  the  technological  level  of  analysis  (the  focus  being  upon  the 
efficacy  of  those  technologies— both  hardware  and  software— which 
have  evolved  in  the  service  of  man’s  communication  and  intercom¬ 
munication  endeavors). 

For  purposes  of  conceptual  and  empirical  inquiry,  each  successive 
level  of  analysis  overlays  and  subsumes  the  preceding  level.  Any  way 
of  comprehending  intercommunication,  for  example,  must  be  con¬ 
sistent  with  the  way  in  which  communication  is  comprehended.  And 
so  on.  A  systematic  conceptual  framework  requires  this  sort  of  inter- 
level  articulation,  a  requirement  often  overlooked. 

It  can  be  seen  in  Fig.  1  that  the  technological  level  of  analysis  tran- 
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acends  and  overlays  each  of  tlic  other  levels,  as  well  as  having  an  area 
of  inquiry  or  discourse  of  its  own.  What  this  crude  schematic  is  in> 


tended  to  imply  is  that  the  phenomena  of  interest  at  each  level  of 
analysis  can  be  studied  either  apart  from  the  technologies  that  are  em¬ 
ployed,  or  in  terms  of  those  technologies;  and  tliat  the  technologies  of 
communication  and  intercommunication  can  be  studied  apart  from 
their  uses  at  the  various  levels  of  analysis,  or  in  terms  of  those  levels  or 
even  outside  of  them.  In  short,  this  scheme  is  a  matter  of  conceptual 
convenience,  atid  has  no  necessary  thcorcticr.I  .ignificr.i.ce.  Nor  h  it 
intended  to  oe  rn  any  sense  isomorphic. 

It  is  further  no  more  than  a  matter  of  expository  convenience  to 
organize  the  balance  of  this  paper  around  those  levels  of  analysis. 
However,  the  additional  space  given  over  to  the  discussion  of  the  first 
two  levels  of  analysis  is  intended  to  reflect  their  more  fundamental 
significance. 

THE  INI  RAPERSONAL  LEVEL:  COMMUNICATION 

I  have  previously  suggested  that  it  is  conceptually  useful,  if  not 
necessary,  to  conceive  of  the  communication  process  as  being  com¬ 
pounded  of  all  of  those  suhproccsses  by  which  a  living  system  acquires 
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and  converts  ong<  ;nj{  event-data  into  infm  rnation,  for  processing  or 
"consuniption"  to  some  end.  From  that  base,  a  comprehensive  frame 
of  reference  for  the  study  of  human  communication  can  be  derived. 

1.  It  is  therefore  consistent  to  define  communication  as  all  of  those 
processes  associated  with  the  acquisition  and  conversion  of  raw  event- 
data  into  consumable  or  processablc  information,  culminating  in  an 
instance  of  taking-somcthing-into-account.  We  can  thus  look  to  a 
given  individual's  take-into-account-abilities*  and  taVe-into-account- 
susccptibilities  as  the  co-determining  factor  (along  with  the  event- 
data)  in  the  process  of  communication.  Whatever  other  factors  we 
may  wish  to  include  under  the  heading  of  "communication,"  the  pro¬ 
cess  does  not  occur  in  the  absence  of  acquirable  event  data  which  arc 
at  least  potentially  take-into  account  able  by  a  given  individual. 

2-  As  indicated  before,  the  ends  or  functions  subserved  by  the  pro¬ 
cess  cf  communication  are  those  of 

a)  enabling  the  individual  to  establish  or  maintain  adaptive  state- 
relationships  with  his  two  environments  (the  physical  and  the  coro- 
municational)  through  the  mapping-into  himself  concepts  of  him¬ 
self  vis-ii-vis  those  aspects  of  his  environments  with  whi^  he  must, 
or  would  have,  transactions;  and 

b)  enabling  the  individual  to  acquire  and  process  or  "consume" 
information,  about  himself  and  his  environments,  having  relevance 
or  utility  for  some  present,  past,  or  future  behavior. 

Although  often  indistinguishable  empirically,  conceptually  distin¬ 
guishing  the  two  functions  in  this  way  has  the  advantage  of  em¬ 
phasizing,  in  c  first  instance,  the  process  of  reality-attenuation  or 
"invariantin  which  all  complex  living  systems  engage  in  via  the 
procew  cf  bcing-communkaicd-with  by  their  environments  (to  the  ex¬ 
tent  of  their  take-into-account-abilities).  It  permits  us  additionally  to 
see,  for  example,  the  applicability  of  Ashby's  "law  of  requisite  vari¬ 
ety,"  a  very  general  translation  for  the  present  purpose  being  that  an 
individual  can  reliably  "invariant"  his  environments  psychologically 
only  as  his  own  complexity  approaches  the  complexity  of  those  en¬ 
vironments  with  which  he  transacts.** 

In  the  case  of  the  second  of  the  two  functions,  it  offers  the  advantage 
of  emphasizing  the  strategic  intelligence  gathering  and  evaluation 
*Thlt  lerm  should  be,  I  believe,  attributed  to  Donald  MacKay. 
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which  culminates  in  some  "intclligciu"  behavior.  I'hat  is,  it  suggests 
the  basic  dynamic  of  human  behavior  as  arising  out  of  the  continuous 
monitoring  of  apparent  statcs  of-allairs  relative  to  his  intciicicd  states- 
of-aifairs  (teleological  or  tclcsitic)  vis  h-vis  those  environmm's. 

S.  This  icforniulation  also  necessitates  our  making  clear  the  dis¬ 
tinction  implied  between  event-data  and  information.  All  event-data 
potentially  acquirable  by  an  individual  arc  neutral  and  "given,"  de¬ 
void  in  and  of  Utcmselves  oi  any  signiftcance  or  meaning.  Event-data 
therefore  are;  information  is  always  information-about  something 
going  on.  Event  data  and  information  arc  of  different  rpialitativc  or¬ 
ders.  The  human  sensorium  is  so  evolved  and  structured  as  to  be  re¬ 
ceptive  to  certain  ranges  of  certain  kinds  of  event-data.  But  the  func¬ 
tional  ingredient  of  human  |reiccptiui:,  thought,  memory,  etc.,  is 
informalion  about.  Taking  someihing-into-account  involves  the  ac¬ 
quisition  of  certain  patterns  or  sequences  of  event-data,  and  the  simul- 
tanc.  .  i  conversion  of  that  raw  material  into  functionally  proccssable 
and  "consumable”  information.  In  the  same  way  that  there  is  an  im¬ 
portant  qualitative  difference  between  the  stecr-on-thc-hoof  and  the 
energy  that  is  ultimately  used  by  the  human  bwly  subsequent  to  the 
ingestion  and  digestion  of  a  steak,  there  is  a  critical  qualitative  differ¬ 
ence  between  the  event-data  of  one's  environment  (including  verbal 
event-data)  and  the  information-about  it  whicli  he  derives  from  it  (i.e., 
creates  out  of  it). 

Second,  man  and  his  environments  are  inextricably  interdcjiendcnt 
or  co-determinatc.  This  is  inescapable  by  virtue  of  die  fact  that  all  of 
man'.s  "intelligent”  behavior  with  respect  to  himself  vis-A-vis  his  en¬ 
vironments  is  necessarily  mediated  by  his  conceptions  of  those  en¬ 
vironments,  whicfi  in  turn  are  his  and  his  fellows’  creations.  Thus  it 
is  ultimately  impossible  to  know  whether  those  environments  are  or¬ 
derly  or  chaotic.'*  So  we  have  no  way  of  knowing  whether  the  process 
of  converting  raw  event-data  into  proccssable  information  abonl  adils 
organization  or  reduces  it;  it  would  be  impossible  to  say,  for  example, 
whether,  in  the  process  of  bcing-communicatcd-with  by  his  environ 
menu,  an  individual  only  imperfectly  recreates  what  in  its  "natural” 
state  is  informationally  perfect,  or  whether  the  individual's  contribu¬ 
tion  to  the  process  adds  qualities  of  structure  or  organization  and  thus 
an  order  of  "information"  not  intrinsic  to  the  event-data.'*  What  is 
observable  and  demonstrable  is  the  development  and  exercise  of  coti- 
ventions  for  acquiring  and  converting  event-data.  For  purposes  of 
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romitniiU(  ntioiT,  tlicsc  may  lx-  |icrsuiinl  niui  iiliosyni  latic,  of  <11111  sr.  It 
is  only  at  ilic  level  of  intcreoniiniiiuf  ation  iliat  similar  tonveitlioiis  of 
laking-iiitu  ueeotiiii  arise. 

As  ''properly"  sot  iali<e<l  humans,  ux  have  similar  lake  intu-acruunt- 
ahilities  only  to  (he  extent  that  sve  are  siniilatly  skillcil  in  (he  applir.i- 
tiun  of  conventions  for  (he  acquisition  and  tonveision  of  cvent-ilata. 
In  the  process  of  evolving  workable  models  of  what  ij  in  our  envirun- 
ments,  of  what  mnttrrs,  and  of  it>hal  to  enpecl  .ts  a  toiisctjuence  of  the 
manner  in  wliich  we  relate  aspects  of  our  cnvirumnciits,  an  illusion  of 
isumoi  phism  is  ctcaied.  '1  he  validity  of  that  illusion  is  not  empirically 
testable.  Given  the  dynuinic  eumplexity  of  the  human  environment, 
the  number  of  ways  of  attenuating  workable  realities  of  it  may  be 
infinite.  I  here  is  no  way  of  determining  the  limits  of  the  variety  of 
conventions  which  would  enable  us  to  be  eommunicaird-with  by  our 
enviruuments. 

4.  A  fourth  factor  deserving  of  at  least  brief  mention  here  is  the  fact 
that  coimuunication  processes  thus  conceived  may  be  either  morpho- 
aiuUc  or  morphogenetic  in  chr>ractcr.  'I'hat  is,  individuals  (like  other 
open  systems)  arc  in  formed*  and  altered  by  their  envirunments  10  (he 
extent  that  their  communication  experiences  add  to  or  alter  their 
take  into  account  .abilities,  in  wnich  case  (tie  process  is  morphugeitctic. 
Or,  individuals  in  form  their  environments  to  the  extent  that  tliey 
impose  upon  them  prior  conceptions,  for  pui poses  of  stability  or  con¬ 
firmation— in  which  case  (he  nature oi  (he  transaction  is  iiu>r|ihosta(ic. 
If  niorphostatic,  attenuated  stales  arc  tcinfoiced  or  maintained.  If 
morphogenetic,  those  attenuated  states  are  altered  or  elaborated. 

While  fjiii;  c:!”  .;vc-ci5e  only  those  f^ke  into  account  ."’.bilitirs  he  has 
in  ordei  to  lUdkc  sense  ot  his  environments,  the  ])o$sibilitirs  for  (he 
elaboration  or  evolution  of  new  take-inio-account-abilitics  arc  initial¬ 
ly  omnipreKnt. 

5.  Those  interactive  systems  comprised  of  an  individual's  "work¬ 
able  realities,"  those  aspects  of  his  environment  with  which  he  would 
interact,  and  his  behavior  in  those  environments— therefore  vary  from 
relatively  closed  to  relatively  open.  A  relatively  closed  coiniiumicaiiun 
system  is  one  in  which  oiice-ade<pia(c  comprehensions  of  some  aspect 
of  the  environment  arc  not  altered  (remain  niorphostatic)  either  (1) 
because  no  changes  occur  in  the  environment  or  in  the  individual 

‘A  term  for  which  I  sin  indebted  to  Hailey  Shands. 
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mIulIi  iin|>ii)gc  ii|K)n  tlic  rfdc(|iULy  uf  llic  |ui titular  takr-inlu- 

aiconnt  abililic)  iiivulvcil,  or  (2)  iKiaiitc  (lir  aniUi|>atrtl  intlability  uf 
th.ingiiig  ri)iii|irt'li('ii»i<)i)}  uf  that  fii\ iit^nniciK  rxir.’Ctl  bis  tulcr- 
aiK  t'  liirits,  and  be  tliitgs  lu  nuwdiia(k‘<{iiaic'  tuiitt'pitoi  ]  in  s]>i(c  uf 
(heir  iiiailcqiiaty.'^ 

It  should  fui  (her  be  uf  keen  interest  to  those  eonrerned  with  human 
tuiiinniiiiration  (hat  it  is  only  when  an  indiviiliiars  self  diTnu’d  ends 
arc  but!)  cuin)dctcablc  and  fully  determinate  (hat  his  connnnniciition 
systems  ran  Ire  roinpletely  destribed;  the  extent  to  which  tliey  arc  not 
fully  dcsii  ibablc  is  the  extent  (u  which  his  rommunitation  systems  arc 
Olsen.'"  1  he  fatt  that  |HO|)Ie  talk  it>  themselves  about  tlirir  teirsitic 
ends  is  in  iiiu.st  eases  siifhcicnt  to  insure  dimensions  uf  indeterminate 
self-uigani/ation. 

().  It  is  thus  unavoidable  dial  an  iiidividuars  sjret  ifieally  human 
roiTi{>etcn(e  and  eiheary  dc|H'nds  ultimately  upon  the  cuimminit  ation 
expeiieuces  he  lias  had  and  is  rapalile  of  having— and,  as  will  be 
evident  in  the  next  section,  upon  his  strategic  intercommunication- 
abilities. 

Some  Implications 

It  is  only  in  the  implii  alions  of  these  basic  unuepts  that  their  |H)ivcr 
and  usefulness  can  lie  evaluated.  I  he  ((uestiun  must  be:  Wliat  aic  the 
iinplicatiuns  of  this  way  of  conceiving  of  the  process  of  communica¬ 
tion  for  (he  way  1  look  at  X  (any  observable  behavior,  siuial  phenom¬ 
enon,  etc.)? 

It  should  be  obvious  that  the  great  range  of  iinplicatiuns  thus  de¬ 
rivable  defies  any  exhaustive  listing  hree  or  ehewherc.  Vet  it  may 
be  desirable  lu  suggc>i  one  or  (wo  examples  svhich  might  incite  the 
thinking  through  of  a  great  many  more  impiicTiions  of  particular  in¬ 
terest  to  (he  individual  reader. 

One  of  (he  most  significant  implications  is  that  individuals  behave, 
not  on  the  basis  of  the  ultimate  realities  of  their  environments,  but  on 
the  basis  only  of  the  way  they  conceive  of  those  realities.  1  he  deter¬ 
minants  of  behavior  are  not  to  be  found  in  the  event  data  of  the  en¬ 
vironments  in  which  individuals  exist,  but  in  the  interdependence  of 
those  envirunmcnis  with  the  ways  they  arc  taken  into  acroniit-i.e., 
with  the  information  about  those  cnviruniucnts  (and  the  beliefs,  ideas. 
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cti.  ihrin)  whiih  tliry  liavr  avdilultir  (o  ptuicsi.  Ami  any 

Kutl(al>lc  reality  ii  uM’fiil  fur  certain  putjMHci  (e  g.,  (lie  earth  i>  "flat" 
enmigl)  fur  |)ur|Hiu's  of  walking  it). 

Iliilividual  <ii  ieniaiimir  to  one's  cnviruninenti  ate  tuniptiml  of  hy 
poihcses  with  ici|te(t  to  what  is  likely  tu  happen  if.  .  .  .  The  trit  is 
not  whether  those  hy{>othetcs  arc  "true."  but  whether  they  arc  the 
most  cx|>ctlitiuiii  given  the  conJitioni,  the  objrrtivrs  or  niission,  etc. 
Ihe  issue  is  not  one  of  subjectivity  vs.  objectivity,  as  sonic  have 
argued,  but  the  fact  that  the  ways  in  which  we  conceive  of  mir  worlds 
(and  hence  behave  in  them)  often  dr|>end  nioie  u|)on  our  take-intir- 
accoiint  abilitirs  —  i.e.,  u|K)n  oiii  coniinuni<aie  abilities  —  than  ii[>c)n 
ihc  "objective"  realities  of  the  environment  (whidi  are  indctermiti- 
ablc  of  cuurtc).*’ 

A  second  major  complex  of  implications  stems  from  the  pru{M>sition 
that  must  individual  bchaviui  can  hr  conceived  of  at  the  behavrr's 
solution  to  a  prnbtein.  But  many  commentaturi  (and  researdicrs)  on 
human  problem  solving  and  decision  making  neglect  the  must  critical 
aspects  of  the  process-thnsc  of  apprehending  and  identifying  (nam¬ 
ing)  (he  problem  wliich  is  to  Ik*  dealt  with 

I  here  are  (wo  basic  empirical  errors  made  in  conventional  ap¬ 
proaches  to  problem  solving: 

1.  'i'herc  is  nothing  "probleiiiatica!''  about  event  data;  event data 
re  meaiiingleu  in  .'oyl  of  (heinseivcs  It  is  only  in  translation  as  infor- 

maiion-about  (human  prucr  ing)  that  evcntdala  (condiiioni,  cir¬ 
cumstances,  etc.)  arc  apprehended  as  problcmatiial  or  not. 

2.  Second,  the  conditions  identified  as  problematical  are  typically 
piesumcd  to  t>e  eliminated  by  the  proper  (or  adequate)  solution.  Yet 
it  is  empirically  unavoidable  that  the  solution  to  a  problem  (at  least 
thoM  which  culriiii'iMtc  in  some  action-in-ihc  environment)  doesn't 
eliminate  existing  stales of-alTairs,  but  consequents  in  the  creation 
of  new  or  altered  itates-of-afTairs.  Thus  the  criterion  should  not  lie 
sought  in  the  excellence  of  the  solution  as  such,  but  in  the  desirability 
of  (he  altered  siate-of  affairs  relative  to  the  previous  (before  solution) 
sute-of-aSairi. 

What  is  unavoidable,  if  wc  arc  to  take  what  we  know  about  com¬ 
munication  Kriouily.  is  that 

a)  Problems  exist  only  in  people; 

b)  Problems  exist  only  in  the  form  they  arc  conceived  of; 
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<)  1  Ilf  |ii<il'li';ii  ili'.ilt  »ith  ill  ilir  one  imhkiI  i>i  iiK  inilicd  (n  >i 

(III  "iilijci  I  uiuliiioiis  lii  I  III  III!  It),  411(1 

(I)  (fivcii  (li.il  (>|,c  (.,11)  ‘gel  ililu  iiiiil4i(''  willi  III!  ('ilviiolliiiriK 

oiil)  vi.l  I  lit  (Kill  l.ikc  iiilii  .11  (  niinl'.itiililic'i,  I  he  &iiliiliiiiis  (oi  |>,)l(  ii 

li.il  iiilliliiilK)  line  i)4H  fill  |>iiililiiiK  geili  l.illy  (Jell I iiiiiic  iIk  imiiIi 

Icnulic  Cl  iileiiiilii'i. 

It  is  in  itiil  W4y  I  list  llir  inipiii  ,ii  ions  of  (Insr  liiisii  loiii  ejils  i.iii  be 
dr4wii  out. 

AsMKJiATrn  'rri.iiNOLix.iKs 

1  he  iceliiiologics  lliat  luvc  cvulvi d  in  tlir  servin'  of  (oinnuiniea- 
tion  iiieliide  nil  of  those  tools  and  k  i  litii(|iies  de\elo|K'd  to  (  idiaiue 
01  faiilitale  the  4i ((iiisilioii  o.'  rieiit  d.it.i  (e.g.,  die  ((l(s(0|>i-,  sjiei 
tai  les,  ear  horn)  and  its  coiiveisiuii  and  (oiisuiii|>lioii  (e.g.,  l(•ll((■|llo,d 
siheiiiata,  cuiiveniiuiM  of  leality  atieiniatton,  personal  "maps"  cti  ). 

Language),  as  suih,  arc  nut  ncecssaiy  tu  Lonuiiuiiiraiion,  They  are, 
hossever,  rrneial  tu  the  developmeiil  of  eoinplex  soi  ial  uiKaiii/.itioiis 
via  iiiietionininnii.itioii  and  lidiie  aic  p.iit  of  die  ledinology  of 
intcreuininuiiiiaiiuii.'* 

I  IIL  IN  liRITRSONAL  Lf.Vl  I,:  IN  I  1  RfiOMMUiMCA  I  IDN 

To  avoid  (he  iiienulistii  [litfalls  of  iiunlr  of  die  liieiaiiiic  on  iniei- 
curninuiiit’alioii,  it  is  iinportaiu  to  keep  in  mind  these  tss'u  hasie 
points: 

1.  1  he  ssay  in  ssliidi  iiiteiii.inimuiiiiation  is  lumpreliended  niiisi 
be  (uiisisiciit  widi  die  basis  plirnoniena  of  (oiiniiiniiiatioii.  The  inter- 
pet,son3l  level  of  analysis  overlays  and  is  in  addiiiuii  to,  not  in  lieu  of, 
(he  iiriiapeisoiial  level  of  analysis. 

2.  There  are  hiil  two  ways  of  alferting  .511(1  Ix-ing  afleetrd  by  the 
envirunnicn(~-|)hysi(ally  (rocreivcly)  and  coininiinisatisrnally.  Linpii- 
ically,  (here  are  no  alierrratives.  1  he  vague  inysiidsiii  that  surrounds 
many  [xrpirlar  loinepiions  of  inteiiommuiiie.5iion  e.g.,  as  die  "nans- 
fer  of  nie4ning"~has  gieatly  nniiedcd  piogiess  ((.'Ward  a  seirniifie  nil- 
derstamling  of  the  prsxesscs  involved. 

Wliat  1  ho|)e  to  inovtde  lieie  is  a  liiicf  rcioiiiiuhilioii  of  the  (on- 
cejit  of  inteiioiinnuniiatioii  whidi  is  fully  Loiisisiciit  with  the  cm- 
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pirical  knowledge  we  do  have  of  the  underlying  phenomena  of 
communication. 

3.  What  is  characteristic  of  intercommunication  (as  contrasted  with 
the  individual  process  of  communication)  is  the  attempt  by  one  or 
more  individuals  to  influence,  direct,  control,  or  focus  the  communi¬ 
cation  experiences  of  one  or  more.  One  person  presents  himself  as  an 
aspect  of  another’s  environment  and  produces  cultural  artifacts  in  the 
conventional  forms  of  messages,  to  be  taken-into  account  by  that  other 
in  a  way  intended  by  (or  acceptable  to)  the  first. 

4.  The  ends  or  functions  subserved  by  intercommunication,  then, 
are  those  of 

a)  Mutual  adaptation,  via  the  creation  and  perpetuation  of 
shared  communicational  environments;  and 

b)  Mutual  control  and  manipulation,  consequenting  in  the  emer¬ 
gence  and  evolution  of  institutions,  social  organizations  (of  all 
types),  cultures,  ideologies,  etc. 

It  is  intercommunication  which  makes  possible  the  emergence  of 
higher-order  systems,  both  social  and  communicational.  Intercom¬ 
munication  is  therefore  both  the  means  and  the  ends  of  creating,  al¬ 
tering,  maintaining,  and  exploiting  the  communicational  environ¬ 
ment,  and  of  the  social  structures,  ideologies,  etc.,  embedded  in  it. 

5.  The  process  of  communication  is  basic  to  all  living  systems.  Re¬ 
quired  for  successfully  engaging  in  the  sophisticated  kinds  of  inter¬ 
communication  we  are  all  familiar  with  are 

a)  A  language, 

b)  A  minimal  set  of  rules  for  the  co  'duct  of  the  participants  of 
the  encounter, 

c)  A  relationship,  mutually  conceived  of,  and 

d)  A  minimal  degree  of  mutuality  or  complementarity  with 
respect  to  intercommunicative  intentions  and  their  anticipated 
consequences. 

To  the  extent  that  the  process  of  intercommunication  is  "success¬ 
ful,"  we  “map”  each  other  into  each  other,  and  simultaneously  ’  map" 
each  other’s  adaptive  mappings  into  each  other.  This  produces  an 
illusion  of  reality  about  those  aspects  of  our  environments  which  exist 
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only  in  and  tlirougli  our  intercommunication  about  them.  But  such 
similar  or  Iiarnionious  orientations,  perceptions,  beliefs,  etc.,  are  bet¬ 
ter  conceived  of  as  intersubjrctivilies,  however,  n.,t  as  "reality”  by 
tacit  agreement.  With  respect  to  communicational  realities,  "right" 
and  "wrong,”  “true”  and  "false,"  can  have  only  normative  relevance. 

6.  Two  or  more  people  in  continuous  or  recurrent  intercommuni¬ 
cation  comprise  a  second  order  communication  system.  Such  systems 
have  properties  of  their  own,  which  are  not  necessarily  the  properties 
of  any  of  the  individuals  involved.  These  emergent  properties  func¬ 
tion  as  system  determinants.  For  example,  the  dynamic  nature  of  a 
communicative  reladonship,  once  formed  and  always  in  evolution,* 
is  a  significant  determinant  of  the  behavior  of  the  persons  involved 
when  they  are  in  intercommunication. 

All  highcr-ordci  living  systems  may  also  be  thought  of  as  compound 
enterprises.  Each  individual  involved  is  himself  an  enterprise  to  the 
extent  he  exercises  his  telesitic  potentials,  and  the  raison  d’etre  of  any 
human  organization  identifies  it  as  well  as  a  collective  enterpt  ise.  The 
conceptual  difficulties  this  presents  for  comprehending  liigher-order 
systems  from  intercommunication  up  arc  perhaps  obvious;  not  only 
are  there  individual  communication  systems  subserving  each  individ¬ 
ual.  and  interpersonal  systems  linking  pairs  intcrcommunicatively, 
and  so  on,  but  the  collective  enterprise  achieves  health  and  viability 
only  to  the  extent  that  itr  communication  system  is  efficacious. 

7.  Every  intcrcommunicative  relationship  is  an  organization.  Un¬ 
der  scrutiny,  it  reveals  the  same  conditions  of  "organization-ness”  that 
any  larger  social  structure  does.  So  that  concept  should  perhaps  be  in¬ 
troduced  here. 

Anything  that  is  organized  is  organized  only  to  the  extent  that  its 
parts  are  subordinated  to  the  whole.  In  effect,  this  means  that  at  least 
task  relevant  freedoms  (variances)  must  be  cither  abdicated  by  the 
components  la  humans)  or  designed  out  of  them  or  denied  them 
(k  la  complex  biological  organisms,  machines,  or  humans  to  an  extent 
via  socialization  and  institutionalization).  To  be  organized,  the  com¬ 
ponents  must  mutually  control  one  another  in  some  fashion— either  by 

■Relationships  (i.c.,  intercommunication  systems)  are  "purposive,"  too,  in  the 
teleological  sense,  even  if  not  in  the  telesitic  sense.  To  the  extent  the  impetus  of  the 
evolutionary  (teleological)  thrust  of  such  higher-order  systems  is  not  sourced  in  the 
one  or  the  other  person  involved,  or  "managed"  by  them,  it  becomes  a  system  de¬ 
terminant  by  default. 
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design  (as  in  a  digital  computer)  or  by  tacit  accommodation  (as  in  hu> 
man  social  structures  of  all  sorts) .  Interpersonal  relationships,  how¬ 
ever,  as  well  as  other  organizational  relationships,  may  be  either  sym¬ 
biotic  or  synergistic. 

Since  intercommunication  is  the  almost  exclusive  human  means 
of  mutual  control  and  manipulation,  it  is  through  intercommuni¬ 
cation  that  we  "get  organized”— whether  that  organization  is  purent- 
chilc’,  boss-subordinate,  teacher-student,  clerk-customer,  husband- 
wife,  friend-friend,  or  other  relationship.  Every  continuing  relation¬ 
ship  (organization)  requires  the  abdication  or  deprivation  of  certain 
degrees  of  freedom  on  the  part  of  the  members  of  that  relationship. 
Intercommunicatively,  it  is  the  indeterminacy  of  the  other's  reaction 
which  must  be  minimized.  This  is  accomplished  by  mutually  invari- 
antingeach  other.  Thus  the  ultimate  trade  off  in  all  intercommunica¬ 
tion  is  between  control  and  indeterminacy,  an  unavoidable  trade-off 
of  pervasive  importance  for  all  social  (inttrcommunicative)  behavior. 

Some  Implications 

Again,  the  implications  of  these  reformulations  go  to  the  depth  and 
breadth  of  man’s  social  activities  and  endeavors,  and  hence  defy  even 
representative  specification  here.  But  two  examples  may  be  suggestive. 

Intercommunication  is  the  means  via  which  communicational  en¬ 
vironments  ate  created  and  maintained.  All  of  our  institutions,  ideol¬ 
ogies,  beliefs,  values,  theories,  etc.,  are  created  in  and  perpetuated 
through  intercommunication.  This  communicational  environment— 
these  "realities"— are  in  effect  the  major  portion  of  our  human  ecol¬ 
ogy.  As  such,  they  essentially  determine  the  human  condition:  the 
kind  of  people  we  are  going  to  have,  our  "human  nature,”  human  vi¬ 
ability  and  eflScacy,  in  short,  die  potentials  and  limits  within  which 
all  other  forces  must  operate. 

Humans  are  in  formed  within  their  communicational  ecologies, 
and  in  turn  perpetuate  them.  The  widespread  belief  of  not  so  many 
years  ago  that  the  best  cure  for  many  of  man's  ills  was  blood-letting  is 
no  more  far-fetched  than  many  beliefs  held  today— about  human  com¬ 
munication,  for  examplel  Because  we  intercommunicate  and  in-form 
or  institutionalize  one  another,  we  are  indeed  carelessly  fiddling  with 
our  own  destinies  as  humans  in  the  most  vital  ways.  Urbanization  and 
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pollution  do  affect  man's  condition,  but  in  pitifully  minor  ways  by 
comparison  to  the  potency  of  what  we  have  done  and  continue  to  do 
to  each  other  through  the  byproducts  (cultures,  beliefs,  etc.)  of  our 
intercommunication. 

We  are  the  communication  experiences  we  have  had,  and  we  can 
be  what  our  communicational  ecologies  permit  or  force  us  to  be.  It  is 
almost  unbelievable  that  w'e  continue  to  treat  communication  in  a 
most  superficial  inannerl 

A  second  suggestive  implication  is  revealed  in  the  criterion  we  us¬ 
ually  hold  as  the  epitome  of  "good”  communication:  "effectiveness." 
An  insidious  and  widespread  assumption  is  the  offhand  belief  that 
communication  is  in  and  of  itself  "good,"  and  that  if  some  of  it  is 
good,  more  of  it  would  be  better.  Closely  relateoi  is  a  similarly  wide¬ 
spread  assumption  that  the  solution  to  most  of  the  world’s  problems 
-from  marital  to  international— is  simply  “better"  communication. *<* 

That  assumption  is  extremely  misguided  and  erroneous.  There  is 
nothing  intrinsically  good  or  bad  about  the  process  of  communication 
-and  particularly  not  about  the  practices  of  intercommunication.  If 
a  person  satisfactorily  achieves  his  communicative  intentions  vis-A-;’is 
another  person,  we  say  he  has  "communicated”  effectively.  But  this 
overlooks  the  compounding  of  enterprises  when  two  or  more  peop  e 
are  involved.  What  is  "effective"  from  one  person’s  point  of  view  m!.y 
be  detrimental  to  the  other  person(s)  involved-as  when  schizophrenic 
mothers  produce  schizophrenic  daughters  via  intercommunication, 
or  when  the  commander’s  order,  faithfully  obeyed,  leads  to  the  death 
of  all  hands  on  board,  or  when  the  "I  love  you,"  "I  love  you  too”  ex¬ 
change  leads  to  hate  or  the  degradation  of  one  or  both  persons. 

The  much-hallowed  notion  of  ‘■ettectivcncss"  is  a  completely  in¬ 
adequate  one  when  a  second  or  higher-order  system  is  involved.*" 
What  is  "effective"  communication  from  one  person’s  point  of  view 
in  no  way  guarantees  that  the  consequences  will  be  efficacious  for 
those  higher-order  systems  of  which  that  person  is  but  one  (of  two  or 
more)  components. 

Associated  T  echnologies 

In  addition  to  those  technologies  pertinent  to  the  intrapersonal 
level  of  analysis,  the  technologies  involved  at  the  interpersonal  level 
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iticlmlt'  all  <)(  those  tools  atui  techniques  by  which  the  cultural  arti¬ 
facts  wc  call  "messages"  arc  producctl  and  disseminated,  stored  and/ 
or  rcirievetl,  etc.,  whether  individual  or  "mass.” 

Languages  (or  other  such  codes)“'  arc  thus  a  part  of  the  technology 
of  intercoinmunication,  as  arc  the  techniques  of  speech  and  writing 
(and  other  aura,'  '  oral  display).  All  of  the  media  (hardware)  via 
which  codified  daia  arc  transported,  etc.,  are  pertinent  to  this  level,  as 
arc  the  forms  and  conventions  by  which  tho.se  codified  data  are  to  be 
inteipreted  and  comprehended  (software) 

I  HE  MULl  I  PER.SON  HUMAN  EN  l  ERPRlSE  LEVEL 

Human  organizations  exist  in  various  forms— ranging  from  pro¬ 
longed  conversations  to  marriages  to  clans  to  communities  to  torpora- 
tions  to  the  "American  society."  What  is  organized  alio.;,  all  of  them 
— i.c.,  tlicir  "organi/ation-ncss"— is  very  much  the  same  in  all  instances. 

The  one  distinction  I  want  to  emphasize,  however,  is  between  essen¬ 
tially  evolved  organizations  like  friendships  or  a  society  and  essential¬ 
ly  coutrived  organizations— like  a  cor|>oraiion  or  a  civic  group.  "Es- 
seiuially,”  because  neither  type  is  purely  evolved  or  purely  contrived. 
The  differente  is  a  matter  of  degree.  A  corporation  is  (at  least  at  the 
outset)  more  contrived  than  evolved,  and  the  larger  society  (at  least 
as  it  matures)  is  more  evolved  than  contrived. 

The  distinction  is  a  useful  one.  The  communication  5ystem(s)  sub¬ 
serving  an  "evolved"  human  organization  evolves  with  that  organiza¬ 
tion;  it  is  inductively  formed  (i.c.,  as  needed  and  as  a  consequence  of 
the  intercommunication  that  occurs).  But  the  communication  sys- 
tcm(5)  of  a  contrived  human  organization  is  partially  contrived  along 
with  the  goals  and  the  structure  of  that  emerprise,  it  is  deductively 
formed  (i.e.,  rationally,  to  fit  the  ends,  the  structures,  and  the  func¬ 
tions  of  the  components  of  that  enterprise,  their  task-relationships, 
etc,).  There  are  a  great  many  implications  of  this  distinction. 

1.  Multi-person  human  enterprises  can  be  viewed  as  third-order 
systems,  conqiounded  of  individual  enterprises,  interpersonal  enter¬ 
prises  of  various  complexities,  and  the  rationalized  ends  and  means  of 
the  enterprise  itself.  Thus  there  are  at  least  three  orders  of  communi¬ 
cation  systems  involved,  and  it  is  their  integration  or  paralleling  that 
continues  to  challenge  information  system  designers  ami  managers 
alike. 
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2.  In  addition  to  all  of  the  factors  of  concern  at  the  coiiununication 
and  intercommunication  levels  of  analysis,  what  is  appropriately  of 
concern  at  this  level  of  analysis  is  the  design  of  enterprise  communica¬ 
tion  systems  for  the  pur|)oses  of  generating,  disseminating,  storing, 
processing,  displaying,  and  acrpiii  ing  event-data  jiertinent  to  the  per¬ 
formance  of  each  subtask  within  the  enterprise.  The  difficulty,  of 
course,  is  that  the  enterprise  must  be  "ojren"  if  it  is  to  he  adaptive  and 
viable,  yet  it  must  be  "closed"  in  order  to  be  oigani/ed,  predictable, 
and  efficient. 

Only  tasks  that  are  complcteable  and  determinate  have  informa¬ 
tion  requirements  that  can  be  defined  (rationally  specified  in  ad¬ 
vance).  To  the  extent  tasks  cannot  or  should  not  be  closed  in  this 
sense,  the  information  requirements  for  those  tasks  cannot  be  com¬ 
pletely  rationalized.  Thus  the  design  of  enterprise  communication 
systems  must  be  both  rationalized  and  "cxigcncized"— a  condition 
that  is  logically  unapproachable  by  the  management  and  information 
"sciences."  Stability  and  efficiency— which  are  quite  approachable  via 
cybernetics-are  not  the  only  criteria  of  enterprise  viability,  and  in 
fact  may  be  pathologic  symptoms. 

3.  The  efficacy  of  the  design  (or  evolution)  of  an  enterprise's  com¬ 
munication  systems  is  in  part  determined  by  the  efficacy  of  the  struc¬ 
ture  of  the  enterprise  itself.  Many  so-called  organizational  "communi¬ 
cation  problems"  are  not  at  their  source  communication  j)roblcms, 
but  organization  design  problems.**  Otherwise  efficacious  communi¬ 
cation  systems  can  compensate  to  a  limited  extent  for  poor  enter¬ 
prise  design  (or  for  human  incompctciicics  in  that  enterprise),  but 
that  offsetting  measure  should  be  seen  as  conrpensation,  not  as  elim¬ 
ination  of  the  underlying  fault. 

4.  If  we  think  of  the  internal  workings  of  an  enterprise  only  in 
terms  of  its  efficiency,  control,  or  organization-ness,  then  what  we 
would  attempt  ideally  to  do  would  be  to  design  or  constrain  out  of 
every  member  his  cognizance  of  everything  but  what  is  necessary  to 
the  performance  of  his  task,  Then  we  would  attempt  to  equip  him 
with  just  those  take-into-account-abilities  which  would  enable  him 
to  apprehend  and  interpret  problcmaticalncss  in  precisely  the  de¬ 
sired  way,  Finally,  we  would  organize  his  task-related  intercommu¬ 
nication  systems  in  such  a  way  that  his  inputs  and  outputs  were  per¬ 
fectly  regulated  and  controlled.  This  is  precisely  what  sve  do  when 
we  build  an  airplane  or  a  computer.  The  difficulty  is,  however,  that 
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while  data  transmission  and  acquisition  may  be  highly  lationaliicd, 
communication  and  inicrconinuinication  arc  not  and  largely  can  not 
be;  people  are  relatively  open  systems,  and  to  the  extent  they  are  opcti, 
their  communication  systems  arc  open.  It  is  human  cntci prising 
which  energizes  and  organizes  human  enterprises,  and  which  contrib¬ 
utes  whatever  adaptive  and  tclesitic  viability  they  may  have.  Thus  if 
enterprises  arc  to  evolve  in  an  evolving  environment  consistent  with 
their  rationalized  ends,’*  then  their  communication  systems  must 
be  exigencized  as  well  as  rationalized. 

Implications 

If  we  recognize  that  it  is  the  automatismic  and  nonconscious  nature 
of  an  individual's  behavior  which  makes  possible  higher  degrees  of 
competence  or  skill,  what  arc  the  implications  for  the  design  and 
management  of  enterprises?  The  fact  that  the  good  pianist  practices 
until  he  is  not  conscious  of  being  communicated-with  by  the  music 
on  the  page  is  the  condition  which  increases  his  potential  proficiency. 
If  any  of  us  had  to  make  all  of  the  actions  necessary  to  driving  a  car 
consciously,  we  would  have  great  difficulty. 

What  is  the  significance  of  this  for  the  design  of  enterprise  com¬ 
munication  systems?  It  seems  possible  that  attention  has  been  con¬ 
centrated  upon  communication  issues  and  problems  which  are  ulti¬ 
mately  picayune,  while  ignoring  other  communication  issues  and 
design  opportunities  which  might  significantly  alter  the  structure 
and  the  viability  of  human  entci  prises.  I  refer  to  the  advantages  of 
noncommunication  or  of  noncognizance  at  successively  higher  levels 
in  the  enterprise.  Similarly,  the  assumptions  that  information  is  the 
same  thing  as  communication  and  that  more  information  in  decision¬ 
making  is  somehow  better  than  less  have  led  us  down  exceedingly 
unfruitful— and  even  disadvantageous— paths. 

Associated  Technologies 

Most  of  the  technologies  applied  at  the  enterprise  level  of  analysis 
are  simply  extensions  of  those  available  at  the  interpersonal  level. 
However,  a  brief  statement  about  the  application  of  computers  and 
"information  systems"  would  be  very  much  in  order. 

Confucius  was  concerned  about  much  the  same  sorts  of  "organiza¬ 
tional  communication  problems"  that  wc  read  about  today.  Given 
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that  our  current  conceptions  of  the  comniunicatiun  process  arc  not 
much  advanced  over  those  held  in  Confucius'  time  (and  in  many  re¬ 
spects  less  so) ,  it  is  little  wonder  that  the  history  of  our  concern  with 
such  matters  is  largely  a  history  of  onr  search  for  a  technological 
panacea  of  one  kind  or  another,  i  he  present-day  faith  in  computer¬ 
ization  and  "information  systems”  as  the  solutions  to  our  enterprise 
ills  is  a  continuation  of  that  historical  search  for  jtanaccas. 

An  "information  system"  cannot  compensate  for  the  incompetencics 
of  the  members  of  an  enterprise  (particularly  not  its  leaders),  or  for 
the  inefficacy  of  the  design  of  an  enterprise.  And  in  many  cases,  the 
applique-ing  of  computers  and  information  systems  onto  ongoing 
enterprises  has  led  to  an  intensification  of  underlying  structural  and 
human  incompetencics.  There,  is,  of  course,  great  potential  in  these 
technologies,  both  in  their  hardware  and  their  software  aspects.  But 
this  potential  will  never  be  realized  apart  from  some  fundamental 
progress  in  the  comprehension  of  the  phenomena  of  communication 
and  intercommunication  and  their  concomitants. 

Related  to  the  pitfalls  of  the  technological  mystique  is  the  assump¬ 
tive  confusion  between  ''information"  and  communication.  What 
"information"  systems  and  computers  handle  are  data-not  informa¬ 
tion.  This  is  not  "just"  a  semantic  matter;  the  stuff  the  mind  works 
with  (i.e.,  that  which  is  processablc  by  humans)  is  not  of  the  same 
order  as  the  stuff  which  is  carried  along  in  coded  form  through  wires 
and  switches. 

It  should  be  emphasized  again  that  only  closed  systems  arc  com¬ 
pletely  describable.  To  the  extent  that  one  or  more  of  the  enterprises 
compounded  in  human  organizations  are  telcsitic,  the  communication 
systems  subserving  them  will  necessarily  be  open.  Since  only  fully 
closed  (or  closeablc)  systems  arc  rationalizablc  via  deduced  "infor¬ 
mation"  systems,  the  applicability  and  usefulness  of  computers  and 
their  related  data  systems,  as  they  exist  today,  arc  only  partial.  That 
is,  they  are  fully  applicable  only  to  those  tasks  and  enterprises  which 
are  determinate  and  completeable.  Under  any  other  conditions,  their 
applicability  is  limited. 

THE  ENTERPRISE-^ENVIRONMENTAL  LEVEL 

Those  who  have  contemplated  the  enterprise  •"♦environment  level 
of  analysis  over  the  years  have  frequently  been  tempted  to  analogize 
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iliictlly  fium  (lie  organism*— »cnvtioiiiiicm  intcrfac(‘.  Diit  there  arc 
some  differences. 

1.  As  indicated  before,  it  is  useful  to  runccivc  of  a  human  organira- 
tioM  as  a  coiu{>uuiul  enterprise.  The  phenomena  of  coininunication 
and  inleieonimuniiaiiun  ate  not  basically  different  in  this  context; 
but  they  must  be  viewed  as  occurring  within  the  context  of  a  con¬ 
trived  social  organization  having  rationalized  task,  functions,  data 
systems,  decision  pieiogatives,  etc.  In  adilition,  every  complex  enter¬ 
prise  has  a  life  of  its  own;  that  is,  as  a  result  of  the  actions  taken  by 
its  members  on  behalf-of  the  enterprise,  it  is  continuously  in  the 
process  of  evolving— irreversibly.  A  final  overlay  is  that  of  the  enter¬ 
prise's  telesitic  existence.  Its  goals  or  ends  (or  its  raison  d’etre),  and 
ih;  means  thereto  arc  chosen  by  one  or  more  members,  or  by  all  of 
the  members  tacitly  (as  a  byproduct  of  their  behaviors).  1  his  estab¬ 
lishes  the  need  fur  an  additional  coinmunication  system,  one  which 
links  the  enterprise  with  the  relevant  domains  of  its  environment. 
What  is  observable-  at  this  level,  then,  is  a  complex  hierarchy  of  com¬ 
munication  systems  which  may  or  may  not  articulate  one  with 
another. 

2.  At  this  level  of  a  fourth-order  system,  what  must  be  organized 
are  capacities  for  creating,  maintaining,  altering,  or  utilizing  inter- 
commuiiicativc  state-relationships  between  the  enterprise  and  its 
relevant  envirunnicntal  domains,  llccause  few  "tonirivcd”  cntc-i prises 
are  developed  and  organized  from  the  outside  in,  as  "evolved"  or- 
ganizatioPi  arc,  they  arc  in  constant  danger  of  "lo.sing  touch"  with 
their  environments,  which  are  coiitinuously  changing  as  a  result  of 
the  telesitic  behaviors  of  other  enterprises,  of  the  evolving  self  or 
ganization  of  those  environments,  and  the  like. 

The  interna!  oj>e-ra(io!!5  oi  an  enterprise  can  be  controlled;  re¬ 
lationships  with  its  environments  cannot  be  controlled,  but  must 
be  strategically  co|>cd-with.  This  may  be  one  reason  why  "manage¬ 
ment  scientists"  and  "operations  researchers"  have  so  little  of  sub¬ 
stance  to  say  about  this  level  of  analysis.**  Because  telesitic  behavior 
alters  both  the  enterprise  and  its  environment,  is  morphogenetic  for 
both,  and  for  the  state-relationships  that  interlink  them,  and  is 
neither  cnniplcicablc  nor  deicrminaie,  the  consequences  are  hardly 
"scicntizable,"  evc:>  probahilisiically.  But  this  docs  not  mean  the 
underlying  processes  arc  not  understandable. 

3.  A  further  factor  to  be  contended  with  is  that  the  same  ends  can 
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Ixr  rr^tthcU  via  djffcicnt  imaiis  and  from  difTcicnt  srln  of  rircum 
itatucs  where  living  jysicnij  arc  (onariud  (njiiifiiinlily),  niid  chat 
similar  seu  of  r  ircuinslanics  ran  ^on!>c(|ni-iii  in  diiTcrcni  ends  ( mufti 
fttiafity),  Suili  (onditiuiis  plate  cxdenic  limits  iij[n>ii  the  |H)ssibiliti('s 
for  arriving  at  "laws”  of  urganiiationai  behavior.  Btil  ap|>roarhing 
siich  romjtlrx  phenomena  as  eommuniiaiimi  coiuumiiants  and  by¬ 
products  may  |nuvc  to  be  es|>e(  iaily  finitliil. 

lMi‘i.ii:AriuNS 

One  impli(.iiion  is  that,  because  the  basic  phenomena  of  cum- 
nmnieution  arc  what  they  arc,  living  (o}K'n)  systems  and  their  en¬ 
vironments  are  interdependent.  What  this  means,  in  turn,  is  that  the 
suceess  or  failure  of  an  enteipi  ise  is  a  function  not  of  the  cntciinise 
alone  (as  is  so  often  assumed),  but  of  the  nature  of  the  slate  relation 
ships  that  obtain  ln.‘tvvccn  the  cnterpiisc  and  the  vat  ions  relevant 
domains  of  its  environments,  'l  lius  "profit"  is  not  a  measure  of  en¬ 
terprise  tITeetiveness,  but  of  the  ettiiacy  of  its  slate  lelationships,  No 
enterpi ise  can  be  mote  clfitacious  than  its  subserving  lommunication 
systems. 

A  second  implication  is  the  fact  that  our  dec|>!y  eml>edded  stien 
tistic  orientations  have  led  us  to  think  in  terms  of  "riskless"  change. 
I'his  is  fallacious.  1  he  only  out  of-risk  living  system  is  that  one  whiih 
is  being  jserfettly  controllcil  by  its  cnviionment.  .Any  exercise  of 
telcsitic  capacities  can  ies  w  ith  it  tlie  risks  of  diseipiilihriiim  and  even 
of  failure,  'rdesitic  choiics  ate  made  on  the  basis  of  iiifoi mation- 
about,  and  hence  cany  with  them  all  of  the  impel  tcciions  aiul  |K)tcn- 
tial  risks  of  morphogenriii  cominunitation. 

ASSOCIATEO  TtCHNOLOCILS 

There  arc  very  few  technologies  ap|)earing  at  this  level  of  analysis 
that  have  not  been  appropriated  from  the  other  levels.  1  here  is  ctir- 
rentiy  some  interlocking  of  computers  amongst  buyers  and  sellers, 
government  agencies,  etc.,  for  piirjv)Sc'5  of  expediency.  But  these  are 
capabilities  wbich  exist  within  enterprises. 

In  the  years  jtist  ahead,  hosvcvci,  new  technologies  will  emerge  to 
enhance  and  facilitate  the  cominunicaiion  systems  of  the  enterprise 
qua  enterprise.  These  will  greatly  modify  the  conceptions  of  enter- 
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|>ritc  dcsijjh  aiul  fiiiu  tioiiiiig  wliiili  wc  now  tiold.  I  lie  iiii]>clU}  for 
tlicie  ilMiigcs  >v'ill  (OHIO  (rum  our  jiu teasing  cugiiiraiuc  and  muter- 
standing  of  the  basic  naiiiic  of  (oinnniniiaiiun  and  coiiiinnnicaiion 
systems  fui  the  (tiiulic  iiinguf  all  living  sysicnis. 

I  IIE  1  KCHNOLOGICAL  LEVEL 

I  he  te^hlloiugi^  s  of  coniinunication  and  intcrtoinmui  ication  can 
Ik  and  often  arc  sludied  apart  from  the  basic  phenomena  to  which 
they  arc  appliccl. 

For  example,  descriptive  linguistics  fnrnses  ujwn  one  pai titular 
technology  o|  intercomiminicaiioii-langoagc  (onns  and  patterns. 
Similarly,  the  study  of  media  c  haractcristics  and  ctulcs,  dc  i  iving  from 
the  "comniunii  alion”  and  inforniation  theoiy  formulations  of  schol¬ 
ars  such  as  Shaiinun  and  Weiner,  is  the  study  of  hut  one  asjiec  (  of  die 
technology  of  human  intercumnumication. 

1  hrse  are  |>erfcclly  valid  and  useful  cndc.Tvors.  However,  the  tech¬ 
nological  mystique  so  deeply  imbedded  in  our  culture,  along  with 
the  remarkable  faith  sve  seem  to  put  in  scientism,  have  led  some  re- 
K-aiclici.s  and  |)cihaps  a  gicat  many  laymen  to  assume  that  die 
"secrets"  of  human  communicaiion  will  iiliinuiely  be  revealed 
through  these  studies  of  the  icchnology.  I'hcre  is  seductive  ap|K'al, 
but  considerable  danger,  in  aitrihuting  too  much  lelevame  (lot  hu¬ 
man  communication  and  inter  cuminunicatiun)  to  the  inalhcmatical 
models,  the  formulae,  and  the  other  trappings  connected  with  purely 
technological  studies.  It  may  be  useful  to  study  and  refine  horse 
harne's,  but  one  would  hardly  cxjiect  to  find  therein  the  "seciets"  of 
the  horse’s  behavior  (oi  the  driver’s,  for  that  niaitcr).’* 

Much  more  care  needs  to  l>c  taken  to  avoid  the  confusion  th.’ii 
often  exists  IkIwccii  die  phenomena  of  communication  and  the  tech¬ 
nologies  employed. 

What  I  have  attempted  here  is  to  suggest  an  empirically  sound 
conceptual  frame  of  reference  for  approaching  and  con  preheiiding 
the  fundamental  nature  of  human  communication  and  intcrcomniu- 
iii':aiiun.  To  the  extent  that  these  rcforn4ulations  arc  acceptable  and 
UffCful,  the  frame  and  substance  of  the  behavioral  sciences  will  be  sub¬ 
ject  to  radical  dianges,  both  in  method  and  approach.  Ii  ir  likely 
that  the  failure  to  build  thuK'  kIciiccs  on  a  firm  understanding  of 
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()ii>  (iiic  of  itic  two  l);i!ii('  lifr  lins  coiMi ibiilctl  to  llic  fad 

that  little  iFal  liat  htcii  iii.itic. 

To  a((oi)iiiiiMlat('  tliFM'  icfoitniil.itions  in  oio  tIuiikiiiK  will 

rajuiie  witicsptcad  and  (ontiiutotiy  m.ikIk's  foi  tli  it  iinjyliiaiion'i 
for  all  of  Diatt'a  thinking  and  liitt  iK'liavtix,  whit  It  arc  both  ratise  and 
effect  of  hi&  (on)nniiii(.atioli  aiitl  iiiti'icoiinniniitation,  and  of  ilicir 
auiial  and  institntioiiitl  bypKHliii  t>. 

RtFERlNCbS 

'  '  Silniio  iiiun  itiiiiiuir  In  man  iiiii  (Inn  iiioii  (il|^liiei>liiK  (nt  |Hiwri  ulimlnioi 
liavr  riiinr  tail.  Aiiiui  'ttiy  itrvrl(i|ir<l  before  Reogra|)hv,  Hicinc  befnic 

niciliiliir  bcimr  |<i) t linlngy  -aliboilgti  in  raih  <a>e  tlii'  aKaitatnIily  tif 
•lata  was  in  llir  itsna  ■  olilci  '  (Jiisc|iti  II.  Mnicinr,  A  ,S(n  m/o/.’S  <‘l  //imni  i  Syilrinl. 
New  Vnili:  A|>|ilrliiii'(>nlui)  t  lofii,  |i(>  Hti  <),  t  f.  B.  Iloielwin  anil  (1.  A. 

Steiner,  //union  Prhax  inr  .4ii  tm'fiiioiy  of  Stirnlific  fi'iifi»i>;c  New  VurL:  liar- 
riuirl.  Bute  S.  tVmlil  I'VH.  p,  II,  Bn  tl.  R.  R.  liiiiikrr,  St.  (»<!.),  /nn  nnJ  a  f  'ni- 
fird  Thtory  of  llutnan  fiflim  ior.  Snil  ctl.  Ns'w  York:  Italic  BooVi,  l(Ki7. 

•  1  lie  leieni  ipate  of  "leatleri "  In  the  firlil  alteni  to  ibli.  T  lie  "Mat)  mrciiiiRi  " 
■srir  an  rail)  aliriii|ii  to  |inll  iln  te  itlmlais  tot(<'iliei,  ai  aie  llie  tnii<  iil  >>in|>otia 
tpniiMiiesJ  by  the  I'ltlsemiy  of  Miuoiiri  at  K.iniaa  i:ii)  anil  III  (  enirr  lot  the 
AOsanteil  Sttiily  of  Cotninunliatinn. 

•K-K..  in  ttic  ilimiiaiiin.  |i|>,  l(H  ii'),  in  1 . 1  bayei  (eil.),  CimiinunifiKitm.'  7Viemy 
Ofiil  Kfifiinh.  Sininxtieltl,  III  1  lii'ina*  I'.*n7. 

•  C'J  ,  lot  eaani|ile,  Suunne  I  anger,  Min.l;  .An  1-0,0,  nn  //notitn  /rr/ing.  Vul.  I, 
Baltiniute:  I  lie  Jnliiia  lln|ikiiii  I'icu,  I'.ki7.  t'.li.  'J;  ainl  M.  Polanyi  in  "A  t.on- 
sciaalinii  with  Mliharl  I’lilanyi,  " /’r><7itifi>g>  7  ixloy,  I'.KiH,  I  (No.  I'.'),  |i.  20. 

''I  hine  |irriinnr|ilioni,  our  liaililimial  iiniie|ili  ot  loinninnn atlon,  air  ofieii 
Inililloiii  "t'mnnuinii  atldii  i«  llie  'luiisfei  ot  mraning' "  liai  an  a|.|irali;.g  ring 
to  it.  But  none  of  our  lesepion  is  ia|iable  ul  icicising  "inraiiing,"  llie  imiioit 
of  "tiantfei  "  it  a  llaRianlly  iiiiieiubic  one.  Ihc  typical  loiinula,  A— all  — X  (A 

coniniiiiiiratei  loineihliig  tu  B  niih  X  result),  it  slniilarly  initlcaiiing.  What  one 
peiMin  sayt  to  anotlicr  is  nu  mure  the  proilutl  ol  tlie  lUtercr  than  11  is  of  tlic  le- 
ceiver;  in  fact,  i:  Is  In  (iiartUc  diflniilt  11  nut  lni|Hruil)le  to  pattial  out  llirir  arp- 
■  rate  eontiibuliuni  lu  Itic  usciall  cuiisci(uriicr.  It  is  ijiiile  obseivabir  that  llic 
priMcu  It  neither  linear  luir  aigelnaic.  SVIiy  we  cuniiiiiie  to  rling  lu  those  faulty 
orient atiuns  it  (rerhaps  partly  eaplalneil  by  the  dISieUlllct  uutlincil  at  the  be- 
ginning  o(  ililt  paper. 

•lliere  is  a  myitertous  but  W'lilrly  lielil  belief  lliat  when  one  lalks  almut  tom- 
munitailim  hr  ought  to  use  totally  fainiliat  tanguagi-.  Y'ri  loniepinal  progress  in 
the  timlv  of  toininiiiiicatiiin  bat  Ireeii  gie.itl)  inipeiled  b)  the  laik  of  a  '•iwi  al  act 
of  let  ml  by  wbiili  U>  do  so.  I’cibaps  more  than  any  oilier  lieUI,  lire  simly  of  com- 
mnniiaiiuii  aorely  iieedt  inveiitlse  •.oiitirueii  ami  tpeilal-pniposc  leinit,  like  iiilfi- 
eornmumVolion. 
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'  There  arc  many  other  terms  for  this  process,  which  Bohm  has  referred  to  as 
"invarianting.” 

•See.  e.g.,  the  author's  ■’Communication;  Too!,  Came,  F.cology,"  in  the  publica¬ 
tion  of  the  Communication  Colloquium.  Itnivcrsiiy  of  Wisconsin — Milwaukee, 
1968.  Cf.  J.  Ruesch  and  G.  Bateson.  Comniunication;  The  Social  Matrix  of  Psy¬ 
chiatry.  New  York:  Norton,  1951. 

•Cf.  the  section  on  "Cybernetics  and  Purpose"  in  W.  Buckley  (ed.),  Modern 
Systems  Research  for  the  Rehavioral  Scientist.  Chicago:  Aldine,  I9C8. 

‘“.'\s  described,  for  example,  in  Helen  Merrill  Lynd,  Shame  and  The  Search  for 
Identity  (New  York;  Science  Editions,  Wiley,  19C1),  and  .Mien  Wheclis,  The  It- 
lusionless  Man  (New  York:  Norton,  1966).  among  hundreds  of  other  books  of  re¬ 
cent  years.  1  should  also  note  the  similarity  between  the  distinction  1  am  making 
here,  and  the  distinction  Kenneth  lliirko  makes  between  "motion"  and  "action" 
(in.  e.g  ,  the  discussion  on  pp.  S58-59  of  L.  Thayer,  Communication:  Concepts  and 
Perspectives.  Washington,  Spartan  Books.  lOti",  and  his  earlier  volumes  and  papers). 

“The  linguist  or  psycholinguist  might  employ  the  more  familiar  levels  of  the 
syntactical,  the  semantic,  and  the  pragmatic.  But  few  psycholinguists  conceive  of 
language  as  a  technology  of  intercommunication.  Thus  these  categories,  being 
anchored  in  language,  are  limiting.  The  biologist  would  probably  prefer  the  cate¬ 
gories  of  metabolic,  epigenetic,  and  genetic.  But,  again,  these  seem  to  me  limiting 
for  the  purposes  of  a  comprehensive  approach  to  communication. 

“  W.  Ross  Ashby,  A’,  Introduction  to  Cybernetics,  New  York:  Science  Editions, 
Wiley,  1963. 

“See  Stafford  Beer’s  "Below  the  Iwilight  Arch — A  Mythology  of  Systems,"  in 
D,  P.  Eckman  (cd.).  Systems:  Research  and  Design.  New  York:  Wiley,  1961. 

“It  is  not  the  "Information  Theory"  issue  I  would  raise  here  (i.e.,  the  matter  of 
uncertainty  reduction).  It  is  the  issue  of  whether,  conimunicationally,  man  filters 
out  uncertainty  or  adds  whatever  uncertainty  there  is. 

“  That  those  tolerance  limits  vary  greatly  from  person  to  person,  and  typically 
shrink  under  certain  conditions,  is  suggested  in  M.  Rokeach.  fhe  Open  and  Closed 
Mind.  New  York;  Basic  Books,  1960.  Cf.  J.  Ruesch,  Disturbed  Communication. 
New  York:  Norton,  1%7. 

“Cf.  M.  Toda  and  E.  H.  Shuford,  Jr..  "Logic  of  Systems.”  Tech.  Doc.  Rep.  No. 
ESDTDR-64  193.  Bedford.  Mass.;  L.  G-  Hanscom  Field,  A.  F.  Systems  Command. 
1964;  and  P.  M.  Fitts,  Notes  and  Selected  Readings  on  Human  Engineering.  Ann 
Arbor:  University  of  Michigan,  College  of  Engineering,  1959. 

’’The  notion  of  "objective  reality"  is  a  purely  ab.stract  construct,  of  course. 
However,  the  issue  I  want  to  raise  is  not  the  philosophic  issue  of  how  one's  con¬ 
ceptions  of  the  world  compare  with  "objective  reality,"  but  simply  that  one  bases 
his  behavior  not  upon  "objective  reality"  but  upon  bis  personal  conceptions  of  "it." 

“See,  for  example,  the  author's  Communication  and  Communication  Systems. 
Homewood,  Ill.:  Irwin,  1968,  esp.  Chap.  6,  "People.  Behavior,  and  Communica¬ 
tion,"  and  Chap.  i7,  "The  Technology  of  Communication." 

...  an  important  cornerstone  of  .American  middlclore  holds  that  com¬ 
munication  can  be  counted  on  to  spread  emotional  warmth,  that  any  interper¬ 
sonal  or  intergroup  problem  is  really  a  la..k-of-communication  problem,  that  con¬ 
flicts  domestic  and  international  will  disappear  when  people  get  to  know  one 
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another  and  ‘reason  together'  .  .  .  The  amount  of  communication  among  com¬ 
ponents,  however,  appears  to  have  little  impact  in  either  setting  or  changing  a 
system's  emotional  tone."  J.  H.  Monanc,  o[>.  eil.,  p.  59.  Cf.  E.  Gollman,  Encounters. 
Indianapolis:  Dobbs-Merrill,  1961 

"Cf.  the  author's  "On  Communication  and  Change:  Some  Provocations,  in 
Proceedings  of  the  llth  Annual  Institute  in  I'echnical  and  Organizational  Com¬ 
munication.  Ft.  Collins:  Colorado  State  I'nivcrsity,  1968. 

”  The  distinction  often  made  between  signs  and  symbols  may  or  may  not  be  a 
useful  one.  The  danger  lies  in  the  mentalistic  connotations  of  symbols,  when  in 
fact  one  person's  symbolic  utterances  in  the  presence  of  particular  others  may  be 
both  the  necessary  and  sufficient  conditions  for  the  responses  of  those  others  (as  in 
the  kuiripan  theory  of  the  ethologists — which  does  not  need  "symbols"  as  an 
explanator). 

“This  and  other  distinctions  are  further  detailed  in  my  "Communication 
Problems:  Organizational  ‘Virus  X'  "  in  Proceedings  of  the  15th  International  Con¬ 
ference  of  the  Society  of  1  echnical  Writers  and  Publishers,  in  press. 

“.Some  engineering-oriented  writers  refer  to  this  condition  as  "ultrastability," 
but  I  believe  that  more  than  ultrastability  is  involved — that  "more"  being  the 
people  who  energize  enterprises. 

"Those  who  approach  such  complex  phenomena  scientistically  can  bring  to 
bear  methods  appropriate  only  to  closed  systems.  So  closed  system  methods  are 
either  applied  to  essentially  open  systems,  or  open  system  factors  are  simply  as- 
suinccl  away  as  being  irrelevant.  The  search  for  riskless  choices  and  decisions  ex¬ 
ponentially  increases  employment  in  these  technologically-based  industries,  how¬ 
ever  I 

“That  McLuhanism,  "the  medium  is  the  message,"  is  catchy,  but  even  burses 
can  discriminate  drivers  better  than  they  can  harness. 
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IV.  Tlie  Microwave  Sky 

Ronald  N.  Brace  well 
SOME  EARLY  HISTORY 

Everyone  is  familiar  these  days  with  the  reports  of  new  discoveries 
in  radio  astronomy,  such  as  the  remarkable  quasars,  to  quote  one  ex¬ 
ample  that  has  been  mentioned  widely  in  the  news;  and  so  we  tend 
to  forget  that  a  few  years  ago  it  was  vt  very  surprising  idea  that  one 
could  receive  radio  waves  merely  by  pointing  a  directional  antenna  at 
the  sky.  However,  it  often  leads  to  a  better  understanding  to  have  a 
historical  view  of  how  things  came  about,  and  so  let  us  go  back  to  the 
closing  years  of  the  last  century  and,  by  reminding  ourselves  of  the 
state  of  knowledge  of  physics  that  existed  at  that  time,  we  shall  see 
the  steps  by  which  our.present  picture  of  the  radio  sky  unfolded. 

At  that  time  a  period  of  experimental  investigation  of  the  laws 
governing  the  emission  of  light  and  heat  from  hot  bodies  was  coming 
to  a  close.  Essential  features  of  the  theory  were  still  missing,  but  the 
experimental  facts  were  reaching  the  degree  of  precision  that  would 
allow  Planck’s  quantum  theory  to  show  itself  clearly  superior  to  the 
theories  of  radiation  that  preceded  it.  For  example,  it  had  been  shown 
that  a  hot  wire  at  a  given  temperature  emits  most  strongly  at  a  wave¬ 
length  that  is  inversely  proportional  to  the  absolute  temperature  and 
that  the  power  emitted  per  unit  wavelength  interval  is  inversely  pro- 

RONALD  N.  BRACEWELL  is  Professor  of  Electrical  Eneineering  at 
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flares,  radiuiions  from  the  moon,  planets,  nebulae,  star  clusters  and  distant 
galaxies  by  the  use  of  interferometers  and  also  high  resolution  observa¬ 
tions  made  on  galactic  and  exiragalatic  radio  sources.  He  has  done 
ionospheric  research  at  the  Cavendish  Laboratory,  Cambridge  University, 
and  was  concerned  with  very  long  wave  propagation  and  radio  astronomy 
at  the  Coinmonweallli  Scientific  and  Industrial  Research  Organization, 
Sydney,  Australia,  where  he  was  a  Senior  Research  Officer  in  the  Radio¬ 
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Science  Foundation,  the  Naval  Research  Laboratory,  the  Office  of  Naval 
Research,  the  National  Academy  of  Sciences,  the  National  Radio  Astron¬ 
omy  Observatory  and  the  Advanced  Research  Projects  Agency, 
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portional  to  the  square  of  the  wavelength,  if  the  wavelength  is  long. 

At  that  time  also.  Hertz  had  just  performed  the  experiments  in 
generation  and  detection  of  radio  waves  which,  for  the  first  time, 
demonstrated  the  conne'ttion  between  light  and  electricity  and  mag¬ 
netism  that  had  been  jircdicted  by  Maxwell  on  theoretical  grounds. 
It  was  therefore  quite  clear  that  light,  heat  and  radio  waves  were  all 
electromagnetic  phenomena  of  the  same  kind,  dilFcring  mainly  in 
wavelength. 

Given  this  state  of  knowledge  you  will  sec  that  one  could  con¬ 
fidently  deduce  that  radio  waves  would  be  found  to  be  emitted  by 
hot  objects.  When  I  say  hot  I  mean  merely  some  temperature  that  is 
above  absolute  zero,  so  that  even  the  human  body,  which  is  generally 
thought  of  as  only  warm,  comes  within  the  category  of  hot  objects,  and 
would  therefore  also  be  expected  to  be  a  source  of  radio  waves.  This 
rather  startling  idea  is  an  unfamiliar  one  but  can  be  seen  to  be  an 
absolutely  necessary  consequence  of  laws  of  physics  that  were  well 
established  over  seventy  years  ago.  Of  course,  we  all  know  that  the 
body  emits  electromagnetic  svaves  in  the  infrared  region  and  that 
this  radiation  can  be  felt  by  jrlacing  the  palm  of  the  hand  close  to  the 
skin,  To  delect  the  radio  waves,  however,  is  a  different  matter,  and 
if  one  wanted  to  demonstrate  the  emission  of  radio  waves  from  a 
hot  object,  the  wise  thing  to  do  would  be  to  look  around  for  the  hot¬ 
test  object  available.  That  object  is  the  sun,  and  the  basic  idea  of 
looking  for  the  solar  radio  waves  that  ought  to  be  there  occurred 
to  several  nineteenth  century  scientists  simultaneously. 

Now  a  little  quantitative  consideration  will  indicate  the  magnitude 
of  the  experimental  difficulty  involved.  Since  the  radiation  intensity 
falls  off  inversely  as  the  square  of  the  wavelength,  then  when  we  bear 
in  mind  that  radio  waves  are,  very  roughly,  one  million  times  longer 
than  light  waves,  we  see  that  the  radio  frequency  radiation  will  be 
10  times  fainter  than  the  light.  Still,  at  6000  degrees  the  sun  is  very 
bright  and,  who  knows,  there  may  be  some  surprises.  Among  those 
attempting  the  experiment  was  Nordmann,  who  ran  an  aerial  175 
meters  long  out  on  snow-covered  Mont  Blanc.  Why  he  went  to  this 
altitude  I  do  not  know.  In  any  case  this  attempt  and  the  others  failed, 
but  the  very  next  time  it  was  attempted,  by  Southworth,  in  1942,  the 
experiment  succeeded. 

Meanwhile,  radio  waves  from  the  galaxy  had  been  picked  up  by 
Jansky  in  the  course  of  a  survey  to  determine  the  general  levels  of 
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radio  interference.  This  is  a  matter  of  economic  imp  rtance  because 
the  cost  of  the  expensive  part  of  a  cominunications  link,  the  trans¬ 
mitter,  is  set  by  the  precise  level  of  the  very  faint  interference  back¬ 
ground  against  which  the  received  signal  is  to  be  heard.  To  be  brief, 
Jansky  very  cleverly  identified  an  interference  component  of  extra¬ 
terrestrial  origin  and  was  able  to  prove  beyond  any  doubt  that  it  had 
its  origin  in  the  galaxy  of  which  our  sun  is  a  part. 

With  the  passage  of  ye^rs  many  more  discoveries  of  radio  signals 
from  space  were  made.  We  may  now  jump  forward  in  time  and  look 
at  the  picture  as  we  know  it  today  in  a  number  of  the  modern  fields 
of  radio  astronomy.  To  a  large  extent  I  will  concentrate  on  the  micro- 
wave  end  of  the  radio  spectrum,  which  provides  an  ample  number  of 
examples  for  description. 

GENERAL  ASPEt:T  OF  THE  SKY 

One  way  of  thinking  about  the  radio  sky  is  to  suppose  that  the 
human  race  had  evolved  with  radio  antennas  instead  of  eyes  and 
then  to  describe  what  we  would  see  as  we  ^>ecred  about  us.  It  is  such  a 
fascinating  thought  to  the  radio  designer,  however,  that  I  cannot  re¬ 
frain  at  this  point  from  talking  about  how  one  would  go  about  design¬ 
ing  people  with  antennas.  The  first  design  parameter  to  settle  would 
be  the  wavelength  of  operation  and,  of  course,  this  would  make  a  pro¬ 
found  difference  to  the  general  appearance.  If  we  settled  on  the  short 
microwaves,  a  tidy  arrangement  with  waveguides  and  electromagnetic 
horns  can  be  imagined;  but  if  they  had  to  operate  in  the  meter  wave¬ 
length  region,  some  awkward  problems  with  dipoles  and  TV-type 
antennas  would  have  to  be  handled. 

Of  course,  this  discussion  immediately  makes  us  realize  that  there 
are  real  advantages  and  disadvantages  associated  with  different  wave 
length  regions  and  makes  us  wonder  what  the  considerations  were 
that  led  to  the  eye  working  in  the  visible  range  of  the  electromag¬ 
netic  spectrum.  It  so  happens  that  the  spectrum  of  sunlight  reaches 
its  peak  in  the  general  neighborhood  of  the  visible  (the  precise  wave¬ 
length  ranging  from  4829  to  8497  angstroms,  according  to  one’s 
definition  of  peak)  and  so  this  might  be  the  reason.  On  the  other  hand, 
the  atmosphere  in  the  present  epoch  happens  to  be  opaque  in  the 
infrared  and  ultraviolet,  and  if  we  had  infrared  eyes,  we  would  be 
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living  practically  in  darkness:  so  perhaps  the  physical  properties  of 
the  atmosphere  were  the  determining  consideration. 

However,  the  window  in  the  atmo.sphcre  at  visible  wavelengths  is 
not  the  only  one;  as  we  go  farther  through  the  infrared,  the  atmos¬ 
phere  opens  up  again  at  a  radio  wavelength  of  a  few  millimeters  and 
remains  open  out  to  wavelengths  of  many  meters  before  again  becom¬ 
ing  opaque.  So.  if  we  had  radio  eyes  wc  would  be  able  to  view  the 
universe  and  here  are  the  principal  features  as  they  would  appear 
to  us. 

First,  we  would  notice  a  band  running  across  the  sky,  and  this 
band  would  occupy  the  same  location  in  the  sky  as  the  Milky  Way 
docs.  In  addition,  there  would  be  many  bright  points  sprinkled 
about  at  random.  As  far  as  this  brief  description  goes,  you  would 
say  the  appearance  is  about  the  same  as  that  of  the  night  sky  as  we 
know  it— a  Milky  Way  plus  many  stars.  Also,  wc  have  known  since 
Galileo  turned  his  homemade  telescope  on  the  sky,  that  the  Milky 
Way  itself  is  just  stars  and  these  stars  are  the  same  as  the  foreground 
stars,  only  more  distant  and  more  numerous.  Their  concentration 
into  a  band  merely  reveals  that  the  stars  extend  to  greater  depths 
of  space  in  the  plane  of  the  Galaxy  than  perpendicular  to  that 
plane.  In  view  of  the  introductory  discussion  about  the  sun,  which 
is  a  typical  star,  it  would  be  reasonable  to  expect  the  radio  sky  to 
exhibit  the  features  described.  This  interpretation  is  completely 
upset,  however,  by  the  obscived  fact  that  the  radio  point  sources  do 
not  agree  in  position  with  the  stars.  In  fact,  with  the  exception  of 
the  sun,  virtually  no  stars  are  found  to  be  sources  of  detectable 
radio  waves.  In  other  words,  the  radio  waves  that  we  know  they 
must  emit  are  too  faint  to  detect  in  comparisun  with  the  signals 
coming  to  us  from  the  numerous  "radio  stars,”  which,  evidently,  are 
not  stars.  For  this  reason  the  term  radio  star,  which  was  current  for  a 
time,  has  practically  dropped  out  of  use.  To  confirm  this  conclusion 
wc  have  the  further  fact  that  the  sun,  as  seen  by  radio,  is  a  ]<ale 
spectacle  compared  with  the  galaxy.  As  a  matter  of  fact,  the  concept 
of  night  and  day  would  have  a  completely  different  significance  to 
a  man  with  radio  eyes  because  the  rising  and  setting  of  the  sun 
would  make  little  difference  to  the  general  level  of  illumination, 
(Presumably,  though,  it  would  determine  whetlicr  he  felt  warm  or 
cold.) 
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Thus  we  see  that  the  very  first  facts  about  the  radio  sky  reveal  a 
profound  difference  from  the  sky  as  we  know  it  and  they  raise  im¬ 
portant  questions  about  ttie  nature  of  the  world  we  live  in.  From 
radio  information  alone,  our  picture  of  the  universe  external  to  the 
earth  would  be  quite  different  from  that  based  on  the  information 
conveyed  to  us  by  visible  light.  It  would  be  substantially  a  catalog  of 
invisible  things  whereas,  of  necessity,  cur  traditional  astronomy  has 
shown  us  the  visible  contents  of  space.  At  first,  astronomers  were  be¬ 
wildered  by  the  failure  of  radio  astronomy  to  tell  them  much,  if  any¬ 
thing,  about  the  universe  as  they  understood  it  from  centuries  of 
patiently  accumulated  observation.  The  new  facts  all  seemed  to  be 
irrelevant.  Now  we  see  radio  astronomy  in  the  .nrle  of  filling  in  enor¬ 
mous  blanks  in  our  knowledge  of  the  environment  around  us,  and  as 
progress  has  been  made  in  filling  in  these  blanks,  the  radio  and 
optical  techniques  in  one  field  after  another  have  become  welded 
together  to  permit  a  more  powerful  combined  attack  on  outstanding 
problems. 

THE  RADIO  SUN 

Lee  us  look  at  the  sun  with  our  microwave  eyes  and  then,  having 
noted  its  appearance,  tune  to  progressively  longer  wavelengths.  At  a 
wavelength  of  10  centimeters  the  sun  has  a  disc  about  10  j>cr  cent 
bigger  than  the  visible  sun.  It  has  spots,  in  about  the  same  locations 
as  visible  sunspots,  but  instead  of  their  be'ng  dark,  they  are  bright. 
Another  difference  is  that  the  sun's  temperature  is  about  5  times 
greater  than  the  6000  degrees  we  remember.  I  do  not  believe  anyone 
rotild  have  deduced  from  theory  the  three  facts  stated  here  in  which 
the  microwave  sun  differs  from  the  visible  sun.  Indeed,  on  fint  en¬ 
counter  with  these  reported  observations,  one's  tendency  is  to  feel 
a  conflict  with  theoretically  based  expectation,  especially  as  regards 
the  higher  temperature.  What  we  have  to  remember  is  that  the  micro- 
wave  emission  comes  from  outer  layers  of  the  sun  which  are  invisible, 
being  transparent  to  light,  and  that  therefore  our  conception  of  the 
sun  based  on  the  facts  revealed  to  us  by  visible  light  has  little  bear¬ 
ing  on  the  state  of  its  invisible  envelope,  which  indeed  docs  turn  out 
to  be  hotter  than  the  underlying  visible  surface.  Even  so,  we  depend 
a  lot  on  very  reliable  principles  such  as  the  laws  of  thermodynamics, 
which  we  confidently  extrapolate  beyond  the  limits  of  actual  experi- 
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cncc.  Wc  are  generally  not  disappointed,  and  yet  here  we  seem  to 
have  a  contradiction  of  the  principle  that  heat  always  flows  from 
the  colder  to  the  hotter.  1  his  principle  is  applied  without  scruple 
to  the  theory  of  the  internal  constitution  of  the  sun  and  we  say  that, 
since  everywhere  within  the  sun,  heat  is  on  the  average  flowing 
radially  outward,  therefore  the  temperature  must  everywhere  be  de¬ 
creasing  outward.  On  this  basis  one  deduces  that  the  temperature  at 
the  center  of  the  sun  is  20,000,000  degrees,  or  some  different  value 
depending  on  precisely  what  chemical  composition  is  adopted,  and 
everyone  seems  to  be  generally  happy  with  this  kind  of  calculation 
in  spile  of  the  fact  that  radiation  from  the  inside  of  the  tun  is  ab¬ 
solutely  unavailable  for  observation.  I  think  there  is  food  for  thought 
in  the  fact  that  the  temperature  gradient  runs  the  wrong  way  in  the 
outer  envelope  of  the  sun;  the  clue  to  the  difficulty  lies  in  the  fact 
that  the  envelope  is  mostly  transparent  in  the  spectral  region  where 
the  vast  flood  of  outward  bound  radiation  is  concentrated. 

If  we  now  take  another  look  at  the  sun  at  a  still  longer  wavelength, 
we  find  that  the  size  has  increased  further,  the  shape  has  become 
noticeably  elliptical  ’  'ith  flattening  at  the  poles,  the  temperature  has 
gone  up  further,  and  that  occasional  fireworks  are  noticed.  By  th.e 
time  we  reach  the  longest  wavelengths  that  can  penetrate  to  ground 
level  through  the  terrestrial  ionosphere,  the  sun  is  five  times  bigger 
than  the  visible  sun,  approaching  a  million  degrees  in  temperature, 
and  in  a  disturbed  state  where  great  eruptions  and  flashes  occur 
which  may  lake  the  brightness  up  by  further  factors  of  millions. 

IMPACT  OF  THE  RADIO  SUN  ON  PRACTICAL  MATTERS 

Because  of  the  controlling  influence  of  the  sun  on  our  environment, 
it  is  not  hard  to  give  examples  of  the  practical  utility  of  the  new 
knowledge  about  the  sun  that  has  come  from  the  pursuit  of  radio 
astronomy.  For  example,  for  astronauts  there  is  concern  about  the 
damaging  effect  that  could  occur  if  large  solar  flares  were  to  take 
place  during  a  lengthy  mission,  such  as  a  trip  to  the  moon.  Just  as 
wiih  expeditions  to  the  Antarctic  it  is  necessary  to  avoid  the  bad 
weather,  so  it  will  be  in  interplanetary  space  with  expeditions  to 
the  moon.  In  this  case  it  will  be  the  solar  weather  that  dominates,  n'>t 
the  weather  on  earth.  Solar  flares  emit  ultraviolet  light  and  high 
energy  protons  that  could  be  lethal  and  so  it  becomes  important  to 
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have  a  weather  prediction  servire  that  can  forecast  the  likelihood  of 
the  occurrence  of  flares.  Unfortunately,  not  enough  is  yet  known 
to  do  this  with  any  great  accuracy,  (a  situation  that  one  can  ap¬ 
preciate.  knowing  how  difficidt  it  is  on  earth  to  forecast  the  weather, 
in  spite  of  much  longei  cx|H;iiciicc).  However,  there  arc  some  clues, 
Fur  example,  flares  always  occur  in  sunspot  groups  and,  therefore, 
if  there  are  no  suiis|MJts  on  the  sun  on  a  particular  day,  it  is  safe  to 
predict  that  there  will  be  no  flares.  But  a  lunar  mission  will  take 
many  ilays  so  if  there  tvcrc  a  large  $uns{>ut  grotip  due  to  appear  on  the 
cast  limb  of  the  sun  the  day  after  launch,  it  would  be  a  bad  thing. 
How  to  see  what  is  on  the  other  side  of  the  sun  presents  tpiite  a  prob¬ 
lem,  but  with  tlie  aid  of  radio  we  can  do  this  and  so  contribute  just 
a  little  extra  input  to  the  total  solar  prediction  effort.  The  way  this 
hap|>ons  is  as  follows.  As  mentioned  earlier,  the  microwave  sun  ex¬ 
hibits  bright  sjrots  ajiproximatcly  in  ilie  position  where  the  dark 
sunspots  are  seen  iti  s'isible  light.  Although  the  visible  sunspot  is  a 
cool  region,  being  only  at  a  temperature  of  5000  degrees,  nevertheless 
it  is  overlain  by  a  volume  that  is  hotter  and  denser  than  its  surround¬ 
ings.  It  is  from  this  volume  th.at  the  extra  microwave  energy  coi.''C8 
that  we  describe  as  a  radio  hot  spot.  When  the  sunspot  is  just  behind 
the  solar  limb,  and  so  invisible,  there  is  a  distinct  possibility  that  the 
h(»t  s|K)t  above  it,  because  of  its  elevation,  may  still  be  jrcrtcpliblc 
from  earth.  'I'his  proves  to  be  the  case  at  wavelengths  around  10 
centimeters,  where  advance  notice  of  three  days  has  been  shown  to 
bt!  possible  on  some  quite  modest  hot  spots  that  were  approaching 
the  sun’s  limb  from  the  far  side.  With  the  strongly  active  regions 
that  arc  feared  in  the  spr.cc  travel  context  this  microwave  contribu¬ 
tion  to  advance  warnitig  will  be  welcome.  The  range  of  wavelengths 
in  which  this  job  can  Iw  stone  is  rather  narrow.  .\t  a  wavelength  of 
1  centimeter  the  lis't  regions  tend  to  become  obscured  by  poor 
visibility  and  can  smly  be  ilctectcd  when  they  arc  in  the  vicinity  of 
the  center  of  the  sun's  tiist;  so  there  is  no  possibility  of  prediction  at 
all.  At  a  wavelength  of  I  meter,  one  is  dealing  with  levels  so  far  above 
the  sun’s  surface  lh.it  the  connection  with  visible  surface  features 
can  only  be  made  with  difficulty  and  it  is  not  yet  known  whether  it 
will  be  possible  to  associate  the  radio  events  with  sunspot  groups  on 
the  far  side  of  the  sun. 

Another  example  of  the  impact  of  the  radio  sun  on  practical  affairs 
may  be  taken  from  the  field  of  navigation  technology.  It  has  been 
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demonstrated  that  a  microwave  .inicnna  ratr  be  catisrti,  by  incaiu  of 
a  servumcchanism,  to  point  itself  at  the  sini  ami  ter  do  iliis  witli  foil 
accuracy  even  when  ihcie  is  cluuci  and  the  son  cannot  l>c  seen.  I'liis 
instrunuiit  tlicicforc  takes  the  jdace  of  the  sextant.  Its  me  is  sog- 
gested  in  situations  where  a  ship  might  have  to  keep  station  with  a 
high  dcgrei-  of  a((  oracy  in  a  cloudy  ocean  out  of  range  of  other  navi¬ 
gational  aids.  A  rest  lie  operation  fur  an  asironunt  in  the  sooth  iiulian 
Ocean  in  poor  weather  would  |)Osc  soeh  unusual  navigational  diffi¬ 
culties  and  there  arc  military  applicaiions  also. 

Finally,  1  might  mention  an  iinaginary  ease  to  illustrate  how  new 
discovciies  ahoui  uin  ratliu  enviiuninent  cun  have  a  Ircuring  on  a 
wcajKins  system.  When  an  atomic  explosion  occnis  or  a  rocket  is 
launched,  the  hot  gas  gem  iatcd  must  give  out  a  burst  of  radio  waves, 
a  pheiiomeiiun  that  miglit  lie  made  the  basis  uf  a  satellite-boinc 
lurvcillaiiee  sy.stcm  to  monitor  explosions  or  lannehings.  Hut  the 
sun  may  emit  similar  bursts  of  radio  waves.  So,  before  such  a  system 
could  be  pro|>ci  ly  designed,  taking  the  false  alarm  rate  into  uccouiK, 
it  would  be  absolutely  necessary  for  radio  astronomical  research  to 
liavc  stockpiled  a  sufficient  backlog  uf  iiifunnation.  A  solai  bin  si 
predic  tion  service  would  seem  desirable  and,  at  the  very  least,  simul¬ 
taneous  solar  nioniioring  would  seem  to  be  re<|niied.  riien,  countcr- 
ineasiire  tactics  would  have  to  be  taken  into  account— {xrlujis  the 
surveillance  sy.siem  would  be  confused  if  the  events  to  lie  detected 
were  dcliherately  synchionired  with  large;  sohn.  i;vcnts.  This  is  a  ixi- 
fectly  valid  illustiation  of  the  way  in  which  new  iCHarch  results  in 
apparently  far-out  rields  can  have  a  cliiect  Ixaring  o;i  some  practical 
matter  iu  aiiuthci  field  of  liuinan  interest  entirely.  It  reminds  one  of 
that  other  connection  iM.-tiveen  th.e  sun  and  wcupons  that  arose  with 
magnetic  mines,  which  could  be  so  sensitively  adjusted  that  the  suit 
could,  and  did,  set  ihem  ofT  by  virtue  of  tire  small  iliaiigi;s  in  the 
earth's  magnetic  field  that  it  piiKluccs  during  times  of  solar  disturb¬ 
ance. 

IHE  RADIO  MOON 

I'he  iiiuoii  is  not  as  warnt  as  tlie  earth  and  therefore  any  iliennal 
radiation  that  could  be  jiickcd  up  fiom  the  moon  on  radio  wave¬ 
lengths  would  be  less  ilian  could  be  picked  up  by  jxriiiting  the  same 
antenna  at  the  ground.  Anyone  witli  experience  with  antenna^  knows 
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tiMi  il)(’  ^lound  is  not  a  g<»oil  loiiur  o[  railio  cntissiui)  althuiigh,  of 
ruiirsc,  uc  rriugiti/c  fruiii  the  laws  of  thermal  radiation  from  hot 
objrils  that  it  must  give  out  something.  We  receive  even  less  from 
the  moon.  Nevertheless,  in  the  microwave  range  the  numn  can  be 
readily  studied  Irccauic  the  sky  hackgiouiid  against  which  the  moon 
is  projected  sends  us  even  less  radio  emission  than  the  moon.  1  here- 
fore,  if  the  antenna  l>eam  is  kept  fixed,  and  catih  rutatioit  carries 
the  beam  atros.s  the  muon,  an  increase  in  received  energy  will  be 
detectable.  Uy  this  ty|)r  of  ex|rerimer.i  the  lunar  radiation  was  first 
dcicclcd  by  I)i<kc  and  Heringer  in  IfUfi,  As  with  almost  every  new 
detection  of  radio  signals  from  the  sky,  prior  expectation  turned  out 
to  be  insulfic  icntly  accurate  to  avert  sin  pi  ises.  In  the  case  of  die  moon 
the  surprise  was  that  full  moon,  as  observed  on  a  wavelength  of  125 
centitncteis,  comes  three  or  four  days  later  tlian  full  muon  as  we 
perceive  it  by  eye. 

An  exjrlanation  for  this  phenomenon  was  immediately  forthcom¬ 
ing  and  it  evoked  the  existence  of  a  surface  layer  having  very  low 
thermal  conductivity.  The  material  required  had  to  have  very  much 
higher  ihoiuial  insulation  than  any  materiai  occurring  on  earth,  and 
the  obvious  way  to  gel  such  pioperties  is  from  a  finely  structured 
ruck  with  a  large  |>erccntagc  of  voids.  When  placed  in  vacuo,  such 
material  cannot  conduct  heat  across  its  jxircs  by  gaseous  conduction 
but  only  around  them,  which  forces  the  heat  to  How  in  a  tortuous 
path  and  to  negotiate  many  highly  resistive  constrictions.  Radiation 
iMiisfer,  which  is  the  only  other  mode  of  heat  transfer  allowable, 
dcjKiuls  for  its  efficacy  on  the  (cin]>eraturcs  of  opposite  walls  of  a 
|>uie  U'ing  sufficiently  different,  and  if  the  |>orc  structure  is  on  a  fine 
enough  scale  radiative  transfer  of  heat  becomes  negligible.  Labora¬ 
tory  expei  iiiicilis  Oil  powueis  ill  VMvUo  euiiiplciely  doeuiiieiiieci  iiicsc 
ideas  and  for  this  and  other  reasons  the  insulating  lunar  surface  was 
often  described  as  dust.  I'he  thermal  icsistancc  required  by  observa¬ 
tions  could  be  expressed  in  letins  of  a  layer  thickness.  A  good  deal  of 
literature  exists  in  which  mathematical  models  arc  discussed  which 
are  equiv^  enl  to  a  iiUHm  covered  with  a  layer  of  dust  so  many  milli¬ 
meters  thick.  Of  cuuisc,  the  thermal  resistance  was  a  better  expression 
of  the  radio  obsei  vatioiis,  which  did  nut  bear  at  all  on  the  slate  of 
coinmiiiuiion,  or  |)rcscncc  or  absence  of  cohesivencss,  of  the  particles 
of  inaiciial.  .‘\s  it  later  developed  tiom  soft  landings  on  the  moon’s 
surface,  the  material  does  not  blow  about  loosely  like  dust,  and  fears 
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that  camera  lenics  and  wiiiduwi  would  be  fogged  by  dint  were  not 
rcalircd, 

The  effect  of  an  iinulating  ntrfacc  can  be  iiiulctstuod  iu  futlowa.  If 
you  spread  a  large  rug  out  uii  the  groiin  you  find  that  after  sunset 
the  ground  underneath  the  rug  will  still  preserve  some  of  the  heat  of 
the  afternoon  and  will  be  wanner  than  aieas  wlieic  their  is  uo  rtig. 
Likewise,  when  mottling  has  cuiiie,  ihr  ground  under  the  insulating 
rug  will  still  have  the  pre  dawn  looliicss.  In  the  same  way,  the  tem- 
{leraluic  of  the  suhsurfare  liinai  material  lags  Ix'hiiiil  the  stufaec 
tcmfieraturc.  I'he  siirfaee  teii!|K'iature  is  loiiitolled  hy  imideut  suit' 
ligiit  and  rises  and  falls  with  a  {leriod  of  29.5^  days,  whirh  is  one 
synodic  mouth.  Now  the  thermal  microwave  radiation  does  not  come 
from  the  surface  where  visible  moonlight  (and  lunar  iufiaied  radia¬ 
tion)  originate,  because  the  lunar  material  is  a  rcasoiiably  good  di- 
e'  ‘ctric  that  allows  iniuuwavc  radiation  to  pass  (btough  it,  at  least 
to  some  extent.  Thus  what  we  receive  on  earth  is  a  combination  of 
rays  originating  at  all  depths  down  to  a  meter  or  so,  the  radiation 
from  the  clce(>cr  layeis  sliowiiig  the  gteater  time  l.igs,  which  is,  of 
eoursc,  most  weakened  by  atieiiiuaiiun  on  the  way  out,  The  net  re¬ 
sult  is  (hat  maxiiuutn  emission  is  not  reached  until  three  or  four 
days  after  full  moon. 

The  possibility  of  seeing  below  the  surface  is  |)oteu(ially  iin|>ortau( 
for  subsurface  mapjiing  whirh  may  be  cijn-cially  necessary  on  the 
moon  to  penetrate  the  monotonous  gray  coating  that  it  ha  ■  developed 
through  cx|>osiirc  to  its  harsh  eiivitunmciit  of  bomliaidmeiit  by 
particles  and  radiation. 

JL’FITtR 

One  of  the  unique  compartments  of  radio  astronomy  is  the  story  of 
unfolding  discoveries  about  the  radio  emission  from  Jupiter.  First 
accidentally  detected  as  a  strong  source  by  Burke  and  Franklin  in 
1955,  Jupiter  has  since  remained  a  fascinating  object  as  mure  and 
more  new  things  have  come  out  about  it.  It  will  be  immediately  ap¬ 
preciated  (hat  severe  technical  problems  arc  involved  in  determining 
where  on  Jupiter  radio  signals  originate  since  the  angular  diameter 
of  the  planet  as  seen  from  the  earth  is  uiidei  one  uiimite  of  arc.  'I'lie 
techniijues  o(  line  aiigidai  disci  imination  develujK-d  well  beyond  the 
preexisting  state  of  the  antenna  art  by  radio  astioiiomcrs  have  been 
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the  key  to  the  unraveling  of  some  of  the  difficult  observational  items, 
and  form  an  interesting  topic  in  themselves.  However,  here  it  must 
suffice  to  state  the  facts  baldly.  To  begin  with,  one  might  expect 
Jupiter  to  be  at  a  temperature  of  about  HO  degrees  Kelvin,  on  the 
grounds  that  a  sphere  at  that  temperature  would  radiate  thermal 
powers  at  a  rate  balancing  the  solar  radiation  intercepted  by  Jupiter. 
Of  course,  if  Jupiter  had  its  own  internal  source  of  heat,  its  surface 
could  be  hotter,  but  as  a  matter  of  fact,  optical  evidence  as  to  the 
temperature  of  the  visible  cloud  surface  supports  the  figure  of  about 
140  degrees.  This  is  cold  enough  to  mean  that  the  clouds  could  be 
composed  of  solid  particles  of  many  gases  other  than  H2O,  which  is 
the  only  gaseous  constituent  of  the  earth’s  atmosphere  that  can  freeze 
in  the  earth’s  atmosphere.  But  Jupiter’s  clouds  can  contain  crystals 
of  methane  and  ammonia.  When  the  temperature  was  measured  by 
hfayer,  McCullough  and  Sloanaker,  by  radio  methods  at  a  wave¬ 
length  of  3  centimeters,  they  obtained  a  value  of  140  degrees.  Now 
when  the  application  of  a  new  observational  tool  tells  us  approxi¬ 
mately  what  was  already  expected,  the  scientists  do  not  regard  this 
as  a  very  exciting  development,  but  fortunately  for  their  enjoyment, 
new  measurements  soon  revealed  a  temperature  of  2000  degrees  at  21 
centimeters  and  5000  degrees  at  31  centimeters.  In  reading  these 
temperatures  we  have  to  bear  in  mind  the  explanation  given  above 
in  connection  with  the  sun  as  to  how  one  and  the  same  body  can  ap¬ 
pear  to  liave  different  temperatures  when  the  wavelength  is  changed. 
The  real  fact  is  that  as  the  wavelength  is  changed  the  source  docs 
not  remain  exactly  the  same  because  of  the  wavelength  dependent 
opacity  and  emissivity  of  its  various  parts.  Furthermore,  in  the  case 
of  Jupiter,  the  calculated  temperatures  include  an  allowance  for 
the  angular  diameter  of  Jupiter  which  varies  between  about  14  and 
21  seconds  of  arc  depending  on  the  date.  But  this  is  the  optical  diam¬ 
eter,  and  if  the  source  of  radio  emission  were  to  have  a  diameter 
that  was  different  for  different  wavelengths,  then  again  the  apparent 
temperature  could  change  with  wavelength. 

The  interesting  speculations  raised  by  the  radio  observations  that 
Jupiter  was  not  behaving  merely  as  a  cold  cloudy  sphere  as  regards 
its  emission  of  microwaves  led  quickly  to  a  determination  by  Rad- 
hakrishnan  and  Roberts  that  the  microwaves  were  coming,  not  from 
the  visible  surface,  but  from  an  invisible  ellipsoid  surrounding  the 
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planet  and  having  three  times  its  diameter,  in  the  equatorial  plane. 
In  viev.’  of  the  small  angular  size  of  jupiter,  it  will  be  appreciated 
that  this  was  an  impressive  observational  achievement. 

It  thus  seemed  that  Jupiter  must  possess  a  radiation  belt,  similar 
to  the  earth’s  radiation  belts,  containing  electrons  at  relativistic 
energies,  this  interpretation  being  coiirnined  by  the  high  degree  of 
linear  polarization  detected  in  the  radiation,  a  feature  that  is  not 
characteristic  of  thermally  generated  radiation. 

Much  more  could  be  said  about  Jupiter,  es|jecially  its  sporadic 
emission  in  the  vicinity  of  25  MHz,  the  source  of  which  is  localized 
and  rotates  with  the  planet.  Because  of  this  fact,  the  rotation  period 
can  be  measured,  the  radio  value  being  09*'  55"‘  29r37.  1  he  very  high 
apparent  precision  of  this  value  comes  from  the  fact  that  a  large  num¬ 
ber  of  rotations  could  be  counted  over  the  decade  of  observation  on 
wliich  the  value  rests.  Rather  interestingly,  this  period  is  in  distinct 
disagreement  with  values  obtained  by  watching  the  motion  of  fea¬ 
tures  in  the  cloud  surface  with  the  telescope,  a  disagreement  that 
can  be  explained  by  assuming  that  the  iip{x'r  surface  of  the  clouds 
does  not  necessaiily  move  in  pcriect  synchronism  with  the  solid  sur¬ 
face  below  but  is  convected  by  global  winds,  just  as  on  earth.  The 
good  stability  of  the  radio  value  thus  suggests  the  conclusion  that  we 
have  here  the  true  per  iod  of  solid-body  rotation  of  Jupiter.  It  night 
also  lead  one  to  infer  that  the  source  of  this  radiation  is  below  the 
clouds,  perliaps  in  some  sporadically  erupting  volcano,  whose  erup¬ 
tions  have  unjnctedented  ferocity  by  earthly  standards,  even  caus¬ 
ing  lightning  or  other  electrical  phenomena  oir  a  scale  sufficient  to 
explain  the  level  of  interfereuce  received  on  earth.  (Jovian  lightning 
would  have  to  be  on  a  magnificent  scale  because  the  static  it  gives  us 
dominates  that  produced  by  our  tropical  electrical  storms  despite 
the  immensely  greater  distance  of  Jupiter.  In  fact,  Jupiter  noise  is 
the  strongest  kind  of  non-nianmadc  interference  in  the  20  MHz 
neighborhood.) 

It  is  now  clear,  however,  th^t  this  type  of  Jupiter  emission  is  not  a 
ground  level  phenomenon  b  originates  some  disiaiuc  out  in  space 
from  the  planet.  One  indicator  of  this  cuiicinsion  is  the  extraordinary 
discovery  by  Bigg  that  our  reception  of  Jupiter  noise  is  influenced  by 
the  satellite  lo,  which  is  the  same  size  as  our  moon  and  moves  in  an 
orbit  not  mucli  further  from  the  surface  of  Jupiter  than  our  moon 
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does  from  the  earth.  When  lo  is  in  the  right  place  in  its  orbit,  it  can 
practically  turn  of!  the  signal  that  we  receive  and  so  it  seems  that  the 
volume  of  space  responsible  for  the  emission  is  well  out  from  Jupiter’s 
surface. 

THE  COSMIC  FIREBALL 

When  the  universe  originated  10”'  years  ago  in  the  great  expand¬ 
ing  fireball  whose  still  receding  fragments  are  visible  i  -day  as  the 
remote  galaxies  (if  indeed  the  universe  did  originate  this  way),  the 
temperature,  for  a  time,  exceeded  10''  degrees,  which  reduces  matter 
to  a  state  of  ylem,  to  use  Gamow's  term  for  it.  Gamow  propoied  that 
the  atomic  species  formed  as  the  expanding  fireball  cooled  and  also 
said  that  the  radiation  existing  at  the  time  when  the  density  fell  to 
the  point  of  allowing  the  material  to  become  transparent,  would  still 
be  with  us  today.  Because  of  the  expansion  that  has  taken  place  since, 
however,  this  radiation  would  now  be  weak.  The  recent  fact  is  that 
weak  microwave  radiation  corresponding  to  a  temperature  of  3  de¬ 
grees  above  absolute  zero  has  indeed  been  found  by  Penzias  and 
Wilson  and  by  Dicke’s  colleagues  at  Princeton  and  it  jx»ssesses  the 
attribute  of  arriving  uniformly  from  all  directions,  which  is  just 
what  the  fireball  radiation  would  be  expected  to  do.  So  it  may  be 
that  we  are  seeing  the  origin  of  the  universe  when  we  look  at  this 
radiation.  We  do  not  know  yet  whether  this  interesting  discovery  is 
the  beginning  of  a  new  branch  of  radio  astronomy,  but  if  it  is  to  be, 
then  there  will  have  to  be  structure  discernable  in  different  directions, 
for  there  is  nothing  that  can  be  said  about  a  strictly  isotropic  radia¬ 
tion  held  once  its  intensity  has  been  established.  Conklin  has  been 
looking  for  such  structure  and  as  of  now  has  failed  to  find  any  but  can 
say  that  departures  from  the  nominal  temperature  value  of  3  degrees 
cannot  exceed  2  millidegrees.  For  the  time  being  this  result  is  less 
exciting  than  would  have  been  a  discovery  of  a  pattern  showing  how 
the  fireball  originally  broke  up,  but  it  does  enable  us  to  contemplate 
a  different  line  of  development. 

Everyone  remembers  the  famous  Michelson-Morley  experiment 
which  aimed  to  detect  the  absolute  velocity  of  the  earth  through  the 
ether,  and  how  the  null  result  became  a  cornerstone  of  relativity 
theory.  Today  we  always  proceed  on  the  assumption  that  there  is  no 


MICROWAVE  SKY  PI 


favored  frame  of  reference,  and  this  thought,  embodied  in  the  theory 
of  special  relativity,  has  proved  a  reliable  daily  basis  for  the  design  of 
all  manner  of  instruments,  devices  and  machines  involving  high 
speed  particle  streams.  Still,  if  you  think  globally  about  the  universe 
it  is  a  hard  thought  to  accept  that  diere  is  no  favored  frame.  A  very 
interesting  new  observational  possibility  is  now  opening  up. 

Suppose  that  there  are  two  observers  at  the  same  place  and  that  one 
of  them  observes  himself  to  be  surrounded  by  an  isotropic  radiation 
field,  let  us  say  using  an  antenna  connected  to  a  3-centimeter  receiver. 
The  other  observer  has  identical  equipment  and  is  in  motion  with  a 
speed  V  relative  to  the  first,  in  a  certain  direction  that  I  can  call  the 
forward  direction.  Now  it  can  be  shown  from  classical  considerations, 
not  involving  relativity,  that  the  second  observer  will  not  observe 
an  isotropic  field  but  in  the  forward  direction  will  see  a  temperature 
that  i.'i  higher  by  a  factor  I  -|-  v/c,  where  c  is  the  speed  of  light,  and 
in  the  backward  direction  the  temperature  will  be  lower.  Thus,  if  an 
isotropic  radiation  field  exists,  an  observer  embedded  in  it  can  tell  in 
what  direction  he  is  moving  and  with  what  speed,  relative  to  the 
radiation  field,  simply  by  surveying  the  temperature  distribution 
over  the  sky.  The  considerations  involved  in  demonstrating  the  effect 
include  (a)  astronomical  aberration,  which  changes  the  apparent 
direction  of  arrival  of  light  from  a  star  and  consequently  crowds  the 
forward  hemisphere  into  less  than  u  hemisphere,  and  (b)  the  increase 
of  electric  and  magnetic  field  strengths  when  a  measuring  instrument 
is  in  motion  with  respect  to  the  source  of  the  fields. 

In  the  case  of  the  earth,  die  highest  systematic  velocity  component 
of  which  wc  know  is  the  motion  around  the  center  of  the  galaxy  at 
2.^0  kilometers  per  second,  which  is  about  one  thousandth  of  the 
speed  of  light.  Therefore,  we  expect  the  sky  to  apjscar  3  millidegrees 
hotter  in  the  direction  in  the  sky  where  we  know  the  galactic  rotation 
is  carryi.ng  us.  There  are  some  corrections  to  be  made  for  the  peculiar 
motion  of  the  sun  and  for  the  earth’s  motion  about  the  sun,  but  they 
are  rather  small.  The  prerequisite  for  the  absolute  velocity  experi¬ 
ment  is  that  there  be  an  isotropic  field  to  begin  with  and  it  appears 
now  from  Conklin’s  measurements  that  the  degree  of  isotropy  is 
really  adequate.  The  only  difficulty  remaining,  therefore,  is  the  ex¬ 
perimental  one  of  reliably  determining  temperature  differences  of  a 
few  millidegrees  between  different  directions.  I  am  quite  sure  these 
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difficulties  can  be  overcome  but  not  yet  suie  how  long  it  will  take  to 
make  progress  in  this  unfamiliar  type  of  measurement. 

PULS.-kRS 

In  a  most  exciting  development,  radio  astronomers  in  Cambridge, 
England,  discovered  four  radio  sources  that  arc  ticking.  Yes,  they  are 
giving  out  brief  radio  pulses  about  once  a  second,  and  the  stability 
of  the  pulse  interval  is  extremely  high  as  clocks  go.  For  the  moment, 
our  knowledge  of  the  stability  is  subject  to  observational  limitations 
on  our  part.  The  stability  could  prove  to  be  better  than  we  can  gen¬ 
erate  under  the  best  conditions  in  our  laboratories,  in  which  case  the 
definition  of  the  second  could  be  uprated,  as  has  already  happened 
once  recently.  However,  there  are  reasons  to  think  that  the  present 
standard  of  time  will  be  hard  to  supplant.  Nevertheless,  the  pulsars 
arc  unique  as  astronomical  objects  go,  and  they  have  raised  much 
agitated  discussion  as  to  their  nature. 

One  class  of  suggestions  invokes  neutron  stars  or  white  dwarfs,  with 
sizes  comparable  to  chat  of  the  earth  and  masses  like  that  of  the  sun, 
and  these  extraordinarily  dense  objects  arc  supposed  to  be  under¬ 
going  mechanical  vibrations.  Other  suggestions  invoke  rotation  of 
such  an  object  on  its  axis  or  of  two  objects  about  each  other.  These 
suggestions  are  prompted  by  the  need  to  propose  mechanical  systems 
that  can  vibrate  at  the  very  short  period  required,  have  good  fre¬ 
quency  stability,  and  at  the  same  time  be  substantial  enough  to  fur¬ 
nish  the  energy  needed  to  account  for  the  observed  strength  of  the 
pulses  when  they  reach  earth.  Of  course,  to  work  back  from  the  re¬ 
ceived  energy  to  the  energy  developed  at  the  source,  one  needs  to 
determine  how  far  away  the  pulsar  is.  In  radio  astronomy,  distance 
measurement  has  always  oeen  a  vexing  problem.  But  in  the  case  of 
the  pulsars  a  bonus  in  the  form  of  dis|;ersion  in  time  of  arrival  on 
different  frequencies  permits  a  reasonable  order  of  magnitude  esti¬ 
mate  of  the  distance  that  would  have  to  be  traversed  by  the  radiation 
in  order  that  the  interstellar  electrons  might  introduce  the  observed 
dispersion.  This  measurement,  which  is  not  availal-ie  on  a  source 
that  is  not  pulsed,  has  yielded  distances  of  the  order  of  60  parsecs 
(comparable  with  the  thickness  of  the  galaxy,  but  less  than  one  per 
cent  of  its  radius).  The  energy  at  the  source  then  proves  to  be  large 
and  requires  something  massive  to  be  able  to  afford  it.  However, 
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the  mechanical  models  proposed  must  be  able  to  generate  radio 
pulses  and  it  may  be  some  time  before  the  explanation  is  forthcoming, 
but  during  this  time  much  interesting  reading  is  likely  to  be  gen¬ 
erated. 

Here  1  would  like  to  digress  on  a  potential  application  to  general 
relativity,  which  is  an  important  part  of  physics  and  still  in  need  of 
good  experimental  support.  According  to  the  theory,  a  photon  falling 
into  a  gravitational  field  gains  energy  and  accordingly  appears  at  a 
higher  frequency.  7'hercforc,  if  a  remote  source  of  sinusoidal  oscil¬ 
lations  was  received  when  the  earth  is  closest  to  the  sun  (perihelion), 
the  frequency  would  appear  higher  than  when  received  six  months 
later  at  aphelion.  From  the  difference  in  gravitational  potential  be¬ 
tween  the  two  places,  the  change  in  frequency  can  be  calculated  to 
be  one  part  in  2  X  Clearly,  to  do  this  experiment,  all  that  is 
needed  is  a  stable  remote  source,  because  laboratory  clocks  have 
ample  capacity  to  detect  the  small  frequency  change  expected.  Now, 
it  is  suggested  by  Hoffman,  the  pulsars  may  fill  the  bill.  You  may  ob¬ 
ject  that  the  pulsars  arc  not  sources  of  a  single  pure  oscillation  but 
give  out  pulses,  and  you  may  not  feel  that  radio  pulses  falling  into  a 
gravitational  held  can  speed  up  so  as  to  be  observed  in  greater  nuin- 
bers  per  unit  time.  However,  it  appears  that,  if  the  constituent 
photons  of  a  pulse  .ire  raised  in  frequency,  then  the  interval  between 
successive  pulses  will  shrink,  as  a  consequence,  and  to  encourage  you 
to  continue  thinking  about  radio  astronomy  I  shall  close  leaving 
this  interesting  item  for  you  to  think  about. 
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V.  Recent  Advances  In  Glass 
Science  and  Technology 

J.  D.  Mackenzie 


INTRODUCTION 

Glass  is  one  of  the  most  important  and  oldest  materials  of  engineer¬ 
ing.  The  value  of  the  current  annual  production  of  glass  in  the 
United  States  is  approximately  $S  billion.  By  far  the  most  common  of 
all  glasses  arc  those  based  on  sand  (SiOj),  soda  (Na^COt)  and  lime 
(CaO).  Such  silicate  glasses  are  also  the  cheapest  because  of  the  raw 
materials  involved.  For  more  than  lO.OOO  years  the  chemical  composi¬ 
tions  of  these  soda-lime  glasses  have  not  been  changed  significantly. 
Despite  the  long  history  of  the  technology  and  the  relative  constancy 
of  the  chemical  compositions,  however,  glass  science  is  actually  a 
fairly  recent  development.  In  Table  1,  it  is  seen  that  although  mass- 

TABLEl 

SOME  .MILESTONES  IN  THE  HISTORY  OF  GLASS 
SCIENCE  AND  TECHNOLOGY 


Fint  man-made  glau  lU.OOO  B.C. 

Firsi  glaia  with  date  2,100  B.C. 

Fint  glau  light  bulb  1879 

Pyrex  glau  1904 

Fiber  glau  1931 

Fint  theory  on  itruclurc  I93S 

FirM  theory  on  glau  formation  1933 

Surge  of  Kientlhc  intereu  I950's 


JOHN  D.  MACKENZIE  has  been  Professor  of  Materials  Science  at  Rens¬ 
selaer  Polytechnic  Institute  since  196}.  Dr.  Mackemie  has  been  studying 
the  relationship  between  physical  properties  and  structure  of  glasses.  In 
1964,  he  was  presented  with  the  S.  B.  Meyer  Award  of  the  American 
Ceramic  Society  for  the  mart  creditable  papers  published  in  glass  science 
in  196}  and  1964.  He  is  currertlly  a  member  of  the  Executive  Committ-.e 
of  the  International  Glass  Commission  and  also  Chairman  of  the  Com¬ 
mission's  Committee  on  Electrical  Properties  of  Class. 
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production  of  glass  had  taken  place  before  1900,  it  was  not  until  the 
1930  s  when  the  first  theoretical  attempts  were  made  to  gain  an  under¬ 
standing  of  the  structure  and  nature  of  common  glasses.  This  belated 
fundamental  study  of  glasses  is  partly  due  to  the  lack  of  economic 
competition  from  other  engineering  materials,  since  there  are  few 
cheaper  raw  materials  than  sand,  soda  and  lime.  What  little  progress 
was  made  in  the  1930's  was  soon  halted  because  of  World  War  II. 
Since  the  1950’8.  the  need  for  newer  and  belter  glasses  and  competi¬ 
tion  from  plastics  have  generated  much  more  fundamental  !»s  well  as 
applied  research.  In  this  paper,  I  will  .iitempt  to  review  some  of  the 
imporunt  advances  which  have  resulted  from  such  recent  studies 

WHAT  IS  A  GLASS? 

Moat  crystalline  solids  will  form  a  relatively  fluid  liquid  on  fusion. 
The  viscosity  of  most  liquids  at  or  near  the  melting  temperature  is 
usually  less  than  1  poise‘.  The  viscosity  of  water,  for  example,  is  less 
than  0.1  poise.  Second,  the  viscosity  of  most  liquids  docs  not  increase 
significantly  on  cooling.  Although  a  liquid  can  often  be  supercooled 
wnie  tens  of  degrees  below  its  thermodynamic  freezing  temperature. 
Its  viscosity  is  still  fairly  1  jw.  Slight  physical  disturbances  or  the 
presence  of  impurities  will  lead  to  rapid  crystallization.  The  trans¬ 
formation  of  a  liquid  to  the  corresponding  crystalline  solid  involves 
migration  of  atoms,  ions  or  molecules.  Such  motion  is,  of  course,  easier 
for  a  fluid  melt.  Thus  for  most  liquids  exposed  to  the  atmosphere  it 
IS  dithcult  to  maintain  the  supercooled  state  indefinitely. 

Some  solids,  however,  do  yield  extremely  viscous  melts  on  fusion. 
The  viscosity  of  molten  silica  (SiO,),  for  instance,  is  about  10^  poises 
a.  t..e  melting  temperature  of  1710-G,  Further,  small  decreases  of 
temperature  can  lead  to  large  increases  of  viscosity.  Molecular  motion 
IS  now  difficult.  Thus  crystal  nucleation,  as  well  as  growth,  also  be¬ 
comes  difficult.  It  is  now  relatively  easy  to  undcrcooJ  molten  silica 
apprcaably  without  crystallization.  The  viscosity  increases  rapidly 
on  cooling  and  by  about  1200'’C,  it  reaches  a  value  of  10‘«  poises. 
For  most  practical  purposes  the  liquid  has  now  become  a  rigid  solid 
At  sue*  a  higher  viscosity,  this  solidified  liquid  is  termed  a  glass.  The 
material  is  said  to  be  in  the  vitreous  state.  Silica  (or  sand)  is  called  a 
•■glass-former".  The  highly  viscous  melt  which  forms  on  the  fusion  of 
crystalline  silica  is  termed  a  "network  liquid"  on  account  of  its  poly- 
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meric  structure.  Other  materials  of  this  family  arc  boric  oxide,  ger¬ 
manium  dioxide  and  phosphorus  pentoxidc. 

Because  of  its  high  viscosity  and  high  fusion  temperature,  silica 
glass  is  difficult  to  form.  Sodium  oxide  and  calcium  oxide  arc  added 
to  the  fusion  mixture  to  lower  the  liquidi’s  temperature  as  well  as 
the  viscosity.  The  reaction  which  results  can  be  conveniently  repre¬ 
sented  by  a  bond  rupture  of  the  type:  : 

I  I  I  I 

_Si_O-Si-4-MjO->-Si-0“  "O-Si- 
'  '  '  M-f  ' 

Such  fusion  products  which  have  solidified  without  crystallization 
are  thus  common  glasses.  Theoretically,  any  liquid  which  can  be 
rendered  highly  viscous  (viscosity  greater  than  10**  poises)  without 
crystallization  will  give  a  glass.  The  condition  of  "highly  viscous 
without  crystallization"  is,  of  course,  a  difficult  experimental  prob¬ 
lem.  Nevertheless,  even  liquid  gold-silicon  alloys  and  other  "meullic" 
melts  have  been  rapidly  quenched  to  the  glassy  state*.  The  earlier 
concept  that  only  "glass-formers”  like  SiOj  can  form  glasses  is  now 
considered  incorrect. 

The  most  convenient  figure  which  illustrates  the  differences  be¬ 
tween  crystal,  liquid,  supercooled  liquid  and  glass  is  probably  the 
simple  volume-temperature  diagram  ^own  in  Figure  1.  'Ihe  specific 
volume  of  a  glass  and  its  so-called  glass  transition  temperature,  T,, 
are  dependent  on  cooling  rates.  The  specific  volume  of  a  suj^ercooled 
liquid  docs  not  vary  with  time,  whereas  that  of  a  glass  at  high  tem¬ 
peratures  does  change  on  holding.  The  difference  between  the  slopes 
of  the  V-T  plot  for  liquid  and  glass,  that  is,  the  occurrence  of  T,,  is 
the  result  of  the  extremely  high  viscosity  o,'  ,10**  to  10'-*  poises  at  the 
temperature  in  question.  At  such  high  viscosity,  the  molecular  relax¬ 
ation  times  are  now  greater  than  the  duration  of  the  experiments.  A 
lower  value  of  T,  will  be  expected  with  slower  coding  rates.  There 
has  been  considerable  theoretical  work  on  the  limiting  value  of  T,. 
It  is  now  generally  considered  that  such  a  limiting  value  does  exist 
and  that,  depending  on  the  material,  it  is  some  10-100°  below  the 
average  experimental  T,. 

Because  a  glass  is  a  "rigid  liquid"  and  yet  at  low  temperature  it  is 
physically  a  solid,  a  number  of  technological  advantages  are  evident. 
Fint,  one  can  regard  a  glass  as  a  fluid  solution  at  high  temperatures. 
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Ficuu  1.  Volun  e  temp^iature  relationship  for  an  ideal  glass  forming  system. > 

Aa  long  as  immisribility  docs  not  occur,  "lolutcs"  can  be  diuolved. 
cooling,  they  may  be  precipitated  out  and  arc  uniformly  smpeJK'..  d 
in  the  solidified  glass.  The  precipitate  is  normally  crynalline  ami  the 
sizes  can  nuK  be  controlled  accurately  through  heat  treatment  of  the 
glass.  Second,  as  a  liquid  mixture,  the  constituents  can  be  varied  in 
any  desired  proportions  It  is  easy  to  imagine  how  optical,  electrical 
and  mechanical  properties  can  be  “tailored  to  measure”  this  way. 
Third,  since  a  glass  dues  not  "melt”  on  heating,  but  only  softens 
slowly,  it  lends  itself  to  many  advantageous  forming  techniques.  Sheet 
glass,  fiber  glass,  pressed  wares,  and  blown  wares  are  all  examples  of 
such  advantageous  forming  methods  which  result  from  the  unique- 
neu  of  the  nature  of  glass. 

STRUCTURE  OF  GLASSES 

Techniques  which  have  been  successfully  used  to  determine  the 
structure  of  crystalline  solids  have  proven  to  be  disappointing  when 


•* 


98  t’tSTAS  IN  SCItNCK 

applied  (o  glasses.  A  typical  x-ray  diffraction  pattern  of  a  glass  and 
its  “]i:itciit‘'  crystal  is  excmplinccl  by  germanium  dioxide  (OeOa)  in 
Figure  2.  Because  of  the  diffuscncss  of  the  pattern,  it  is  extremely 
difficult  to  perform  detailed  structural  analysis.  B.  E.  Warren  and 
his  associates  have  made  significant  contributions  in  this  field*.  How¬ 
ever,  the  significant  information  which  has  been  obtained  is  confined 
to  "nearest  neighbor"  interactions.  From  x-ray  analysis,  for  example, 
it  has  been  found  that  on  the  average,  the  number  of  oxygen  ions 
surreunding  a  silicon  ion  is  four  for  silicate  glasses;  the  building  unit 


FiGUfiE  2.  X-ray  diffraction  p.ittcm  of  crystalline  and  glassy  germanium 
dioxide. 
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if  a  Si04  tetrahedron;  the  oxygen-silicon  separation  is  about  I.60A 
and  the  Si-O-Si  angle  is  about  150°.  This  ‘'short-range'*  structure  of 
silicate  glasses  is  thus  essentially  the  same  as  that  for  iTystallinc  sili¬ 
cates.  X-ray  diffraction,  however,  is  unable  io  furnish  "long-range" 
information.  For  instance,  in  crystalline  silicates  of  the  same  SiOa: 
Metal  Oxides  ratio,  the  long  range  structure  may  take  different  forms 
such  as  rings,  chains,  sheet  or  three-dimensional  groups.  It  is  not  pos¬ 
sible  from  diffraction  cx}>erimcnts  to  say  which  of  these  strnrturcs  are 
present  in  a  glass.  Relatively  little  additional  information  is  obtained 
from  other  diffraction  measurements  such  as  electron  diifraciion  or 
ncution  diffraction. 

Since  the  physical  properties  of  glasses  are  similar  to  those  of  the 
corres}>onding  crystalline  solids,  and  since  their  short-range  struc¬ 
tures  arc  also  similar,  it  not  unreasonable  to  assume  that  their  long- 
range  structures  are  also  not  too  different.  The  difference  in  the  x-ray 
diffraction  patterns  is  then  explained  by  the  lack  of  long-range  order 
in  glass.  Such  a  hypothesis  was  first  advanced  by  W.  H.  Zachariasin 
and  formed  the  basis  of  the  so-c.illcd  "Random  Network  Theory  " 
of  glass  structure.  In  the  last  twenty  years  many  modifications  of  this 
liicory  have  been  made  but  experimental  verificatiun  of  the  different 
models  is  still  lacking.  Often,  indirect  information,  for  example  a 
particular  physical  property,  is  used  to  augment  short-range  struc¬ 
tural  results  to  indicate  lung  range  structures. 

Although  the  short-range  natuio  of  silicate  glasses  is  relatively  easy 
to  obtain,  this  is  not  so  for  othei  glasses  such  as  borates  and  german- 
ates.  In  crystalline  borates,  it  is  known  that  the  coordination  number 
of  boron  can  be  three  and/or  four.  That  is,  the  boron  ion  can  be 
surrounded  by  three  or  four  oxygens.  There  were  numerous  contro¬ 
versies  concerning  borate  glasses.  This  age-old  problem  was  only 
solved  recently  through  the  use  of  nuclear  magnetic  resonance  ab¬ 
sorption  techniques  by  Bray  and  co-workers.*  The  coordination  num¬ 
ber  of  germanium  in  ciystalline  germanates  can  be  four  or  six.  Here 
again  there  are  con irovci sics  regarding  the  coordination  umber  in 
gennanate  glaues  and  the  problem  remains  unsolved  at  present. 

Relative  to  silicate  and  borate  glasses,  much  less  structural  informa¬ 
tion  is  available  on  other  glasse.s,  es|>ccially  non-oxide  glasses.  In 
general  it  can  be  com  luded  that  a  combination  of  many  different 
cx|>crimcnlal  tools,  both  direct  and  indirect,  are  necessary  to  obtain 
unambiguous  structural  information  on  glasses. 
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IONIC  PROPERTIES 

Most  oxide  glasses  are  good  electrical  insulators.  The  room  temper¬ 
ature  resistivity  generally  exceeds  lO’’  ohm-cm.  At  higher  tempera¬ 
tures,  however,  the  metal  ions,  especially  alkali  ions,  become  mobile 
and  are  the  main  cause  for  ionic  conductivity*.  For  common  glasses 
it  has  been  proven  that  the  transference  number  for  alkali  ions  is 
unity.  Since  the  random  network  theory  suggests  that  oxide  glasses 
have  open  three-dimensional  disordered  structures  with  the  metal 
ions  randomly  distributed  throughout  the  silicon-oxygen  framework, 
it  would  seem  logical  to  assume  that  ionic  properties,  especially  con¬ 
ductivity,  are  directly  dependent  on  the  nature  and  concentration  of 
the  alkali  ions  present.  However,  this  proves  to  be  an  erroneous 
assumption. 

In  Figure  3,  a  glass  of  the  composition  18w/o  NajO  —  82w/o  SiOj 


Figure  S.  Effects  of  divalent  ions  on  the  electrical  resistivity  of  a  binary  glass 
of  the  composiiioi  18  wfo  Na20-82  w/Oj.t 
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was  modified  by  replacing  the  SiOj  with  a  number  of  divalent  oxides^. 
The  concentration  of  NaOj  was  kept  constant.  Since  the  Na+  ions 
are  the  current  carriers,  the  lesisiivity  is  not  expected  to  alter  drastic¬ 
ally.  However,  it  is  seen  that  only  10  w/o  of  CaO  is  sufficient  to  in¬ 
crease  the  resistivity  by  three  orders  of  magnitude.  It  is  now  con¬ 
sidered  that  the  Ca++  ions  are  themselves  immobile  and  that  they 
tend  to  block  the  motion  of  the  Na+  ions.  This,  of  course,  indicates 
that  the  random  network  theory  on  structure  is  oversimplified.  Per¬ 
haps  "fine  Structures"  or  “preferred  paths”  exist  in  glass  which  govern 
the  motion  of  ions.  The  verification  of  such  models,  however,  must 
await  further  experimentation. 

A  detailed  understanding  of  ionic  transport  is  of  obvious  impor¬ 
tance  to  the  use  of  glasses  as  insulators  as  well  as  substrates  in  micro¬ 
electronics.  It  is  not  generally  appreciated  that  it  is  also  intimately 
related  to  the  strengthening  of  glasses. 

STRENGTH  AND  STRENGTHENING* 

The  theoretical  tettsile  strength  of  oxide  glasses  has  been  estimated 
to  be  E/5  to  E/10  where  E  is  Young’s  modulus.  Since  £  is  1  —  2  X  10’ 
psi,  the  theoretical  strength  must  be  at  least  one  million  psi.  The  rea¬ 
son  is  the  presence  of  so-called  Griffith  flaws  (surface  defects).  How¬ 
ever,  even  "pristine",  that  is  untouched,  glasses  do  not  approacli 
theoretical  strengths.  Further,  the  strengths  of  different  samples  of 
the  same  pristine  glass  can  vary  significantly.  It  is  clear  then,  besides 
the  common  Griffith  flaws  which  are  present  and  which  are  caused  by 
mechanical  handling,  molecular  defects  of  another  type  must  also  be 
present,  and  these  also  affect  the  strength  of  glass,  The  exact  nature 
of  such  molecular  defects  is  not  known  at  present. 

Since  Griffith  flaws  arc  always  generated  in  use,  and  since  fracture 
of  a  glass  invariably  occurs  through  tension  rather  than  compression, 
the  only  practical  methods  to  increase  glass  strength  must  be  the 
creation  of  a  compressive  "skin"  on  the  surface.  Thus,  tensile  forces 
must  first  overcome  tlie  surface  compression  before  they  are  effective 
towards  normal  breakage. 

The  first  successful  attempts  to  strengthen  glass  this  way  were  by 
“tempering".  The  glass  object  is  first  heated  to  near  T,  and  the  sur¬ 
face  is  quenched  by  cold  air.  The  surface  layer  is  now  relatively  cold 
and  rigid.  When  the  whole  object  is  cooled  the  interior  contracts 
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against  a  rigid  skin.  The  skin  is  thus  put  into  compression.  Strengths 
in  excess  of  20,000  psi  have  been  achieved  by  this  methoti. 

A  second  method  to  strengthen  glass  can  be  termed  "ion  stuffing". 
This  is  conveniently  illustrated  by  Figure  4.  The  sample  is  immersed 
in  a  bath  of  fused  salt  at  a  temperature  just  below  T^.  The  glass  is 


Ficure  4.  Ion  stuffing  strengthening  of  glass  * 

still  rigid  but  now  the  temperature  is  sufficiently  high  to  enable  alkali 
ions  to  undergo  ion-exchange.  In  Figure  4,  for  instance,  Na*  ions  in 
the  glass  are  exchanging  with  K+  ions  of  the  fused  salt.  The  larger 
ions  migrated  into  the  surface  layers  of  the  glass  will  exert  a 
pressure  on  the  rigid  silicon-oxygen  network  resulting  in  surface 
compression.  Strengths  of  abraded  glass  samples  in  excess  of  40,000 
psi  have  been  obtained  by  this  technique. 

In  yet  another  technique,  surface  compression  is  obtained  via  dif¬ 
ferential  thermal  expansion.  A  sodium  alumino-silicate  glass,  for  in¬ 
stance,  is  immersed  in  a  molten  salt  containing  Li^  ions.  Exchange 
between  Na+  in  the  glass  and  Li+  in  the  salt  occurs  to  give  a  surface 
composition  enriched  with  lithium.  The  glass  is  now  heat  treated  out¬ 
side  the  bath.  In  the  presence  of  suitable  nucleating  agents,  beta- 
Eucryptite  (Li.^0-Al2O3-2SiO2)  will  be  crystallized  in  the  surface  lay¬ 
ers.  The  average  thermal  expansion  coefficient  of  beta-Eucryptite 
crystals  formed  this  way  is  negative.  Thus  on  cooling  to  room  tem- 
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perature,  a  compressive  skin  will  be  formed  on  the  glass.  Tensile 
strengths  in  excess  of  100,000  psi  have  been  obtained  with  no  de¬ 
crease  of  transparency.  It  is  obvious  that  such  "chemical  strengthen¬ 
ing”  methods  will  lead  to  a  much  wider  usage  of  glass  as  a  structural 
material. 

EFFECTS  OF  HIGH  PRESSURE  AND  HARDNESS  OF  GLASS 

Glasses  are  generally  considered  as  "perfectly”  elastic  solids.  It  is 
not  widely  known  that  under  high  pressure,  particularly  in  the 
presence  of  shear  forces,  glasses  can  flow  readily,  even  at  very  low 
temperatures.  This  type  of  flow  is  anomalous  in  that  it  is  not  plastic 
flow  nor  viscous  flow.  It  has  been  separately  observed  in  two  areas  of 
experimental  studies  of  glass.  In  1953,  Bridgman  and  Simon'<*  first 
reported  that  if  silica  glass  is  compressed  at  room  temperature  and 
at  pressures  in  excess  of  100  kilobars,  its  density  will  be  "perma¬ 
nently"  increased.  Subsequent  work  showed  that  this  increase  of 
density  is  very  sensitive  to  the  degree  of  shear  forces  present."  Under 
shear  conditions,  densification  will  take  place  for  silica  glass  at  pres¬ 
sures  of  less  than  30  kilobars.  For  glasses  with  lower  T,,  pressures  of 
less  than  10  kilobars  will  cause  densification  at  room  temperature. 
Recent  work  also  showed  that  the  densification  is  not  "permanent."** 
In  Figure  5,  it  is  illustrated  that  the  density  of  a  sample  of  densified 
silica  glass  need  only  be  heated  to  300°C  to  show  a  decrease  of  density. 
At  room  temperature,  however,  densified  samples  have  shown  no 
variation  of  density  even  after  three  years  at  ambient  atmosphere. 
Since  T,  for  silica  glass  is  about  I200°C.  this  volume  flow  to  give  a 
lower  density  at  300'^C  is  anomalous.  Glasses  of  lower  T,,  for  instance, 
boric  oxide  glass  which  has  been  densified,  will  exhibit  such  anoma¬ 
lous  volume  flow  even  at  room  temperature.  It  is  likely  that  such 
anomalous  densification  and  subsequent  "cold"  flow  is  the  result  of 
entanglement  and  disentanglement  of  the  glassy  network.  The  effect 
of  shear  on  the  entanglement  leading  to  densification  is  illustrated  by 
Figure  6.  The  behavior  of  glasses  under  pressure  is  thus  very  differ¬ 
ent  from  that  exhibited  by  crystalline  solids. 

The  hardness  of  a  material  is  often  measured  by  some  form  of 
load-induced  indentation.  The  indentation  is  essentially  the  result 
of  high  local  pressure  under  conditions  of  shear,  because  of  the 
geometry  of  the  indentox.  Indentations  made  on  silica  glass,  for  ex- 
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Figure  5.  Decrease  of  density  of  comprewed  silica  glass  at  low  tempetaturet.” 


ample,  will  show  partial  ’  healing"  at  temperatures  as  low  as  SOO’  C »» 
This  IS  apin  anomalous  volume  flow  probably  similar  to  that  de- 
scribed  above  for  densified  samples.  The  nature  of  atom  transport 
giving  the  indentation  is  different  between  a  glass  and  a  crystal.  Thus 
It  IS  scientifically  not  meaningful  to  compare  the  hardnesses  of  crys- 
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Ficuu  6.  Idealised  mechaniun  of  thear-prmurc  induced  densification  of 
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talline  and  non-crystalline  solids.  Hardness  of  glass  has  frequently 
been  correlated  with  strength.  It  is  obvious  that  it  is  also  related  to 
"scratchability"  and  modulus.  It  is,  therefore,  an  extremely  important 
physical  property,  the  further  understanding  of  which  is  most  neces¬ 
sary. 

Another  interesting  effect  of  high  pressure  on  glass  is  the  exposure 
of  molten  glass  to  gases  at  elevated  pressure.  Many  g-ises  will  undergo 
appreciable  solution  and  can  be  trapped  when  the  glass  solidifies.  As 
much  as  5%  solution  is  common.  When  hydrogen  was  dissolved  in 
the  glass  (0.02  to  2%),  it  had  a  remarkable  effect  on  radiation  resist¬ 
ance  towards  x-rays,  gamma-rays  and  neutrons.**  Normally  the  glass 
would  color  on  irradiation.  The  hydrogen-containing  glasses,  how¬ 
ever,  did  not.  This  was  attributed  to  tlte  following  reactions: 


O-Si-O^i-O 


irradiation 


o-^i©eo4i-o 

(color  centers) 


diffusion 

ofHg 


-Si-H  -f  HO  Si- 
(destruction  of  color  centen) 
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The  measurement  of  physical  pioi>crtics,  for  example  viscosity,  un¬ 
der  pressure  can  give  useful  structural  information.  This  has  been 
recently  carried  out  on  borates  and  has  provided  interesting  insights 
into  the  mechanism  of  flow  as  well  as  the  polymeric  nature  of  glass.‘° 

OPTICAL  PROPERTIES 

C?'ored  glasses  have  been  in  use  for  many  centuries.  Although 
empirics!  information  exists  which  tells  us  what  metal  oxides  will 
give  what  color  to  a  glass  under  certain  conditions,  scientific  under¬ 
standing  is  still  minimal.  Perhaps  the  most  significant  and  impressive 
experimental  achievement  is  that  glasses  of  extreme  purity  (less  than 
10  p.p.m.  of  coloring  ions)  can  be  made,**  The  empirical  assignment 
of  absorption  bands  in  the  visible  region  of  the  spectrum  is  no  longer 
ambiguous.  This,  together  with  the  application  of  crystal-field  theory, 
will  no  doubt  lead  to  rapid  advances  in  fundamental  studies  of  color 
in  glass.  It  is  perhaps  worth  remarking  that,  at  present,  there  is  still 
controversy  concerning  the  exact  nature  of  the  brown  color  in  com¬ 
mon  beer  bottles. 

If  silver  nitrate  and  sodium  chloride  are  dissolved  in  a  molten 
glass  at  high  temperatures,  controlled  cooling  can  produce  silver 
chloride  crystals.  Such  crystals  can  be  as  small  as  50A  in  diameter  and 
are  uniformly  distributed  in  the  glass.  The  resulting  material  is  still 
transparent  but  is  now  photochromic,  that  is,  it  can  be  colored  on 
exposure  to  light  of  one  wavelength  and  then  bleached  by  another 
light  source.*^  Glass  made  this  way  differs  from  photographic  films 
in  that  the  latter  are  not  reversible.  Corning  Class  Works  claimed 
that  their  photochromic  glasses  are  stable  after  more  than  900,000 
cycles  of  coloring  in  the  ultraviolet  and  bleaching.  Photochromic,  or 
phototropic,  glasses  hold  promise  in  ophthalmic,  automotive,  archi¬ 
tectural,  optical  display,  data  processing  and  data  storage  applications. 

Ordinary  oxide  glasses  will  not  transmit  further  than  4  or  5  microns 
in  the  infrared.  Preliminary  attempts  to  produce  infrared  transmit¬ 
ting  glasses  were  oriented  toward  the  replacement  of  small  ions  in 
the  glass  with  larger  and  heavier  ions.**  1  hus  germanate  glasses  were 
considered  to  replace  silicate  glasses.  Since  the  oxygen  ions  were  not 
replaced,  the  improvements  gained  were  really  insignificant.  In  the 
1950’s,  it  was  recalled  that  oxides  are  not  the  only  known  glass- 
formers.  Sulphides  and  selenides  also  form  glasses  readily.  Arsenic 
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trisulphidc  (AsaS;,)  immediately  proved  to  be  a  good  infrarcil  irans- 
miiti'ig  glass.'*  Its  main  disadvantage  is  the  lelatively  low  valu..*  of 
T,.  The  search  for  higher  softening  non-oxide  glasses  has  led  to  the 
discovery  of  many  new  glass-forming  systems  based  on  covalent-type 
elements  such  as  Si,  Gc,  P,  etc.**  (dasses  are  now  available  which  can 
transmit  to  beyond  15  microns  and  with  T,  as  high  as  400°  C.  Some  of 
these  arc  shown  in  Table  2. 


TABLE  2 

PROPERTIES  OF  SOME  INFRARED  TRANSMITTING 
CLASSES  FROM  1  ERNARV  SY.STEMS 


Syticiu 

Max.  Soft. 

Point  ‘C 

Rcfrac. 

Intlcx 

Abwtpilun 

8-14^ 

Sl-P-Te 

180 

3.4 

Slight 

Sl-Sb-Se 

270 

S.S 

Yf« 

Si-Sb'S 

280 

— 

Yei 

Ce-P-Se 

420 

2.4-2.6 

Vrt 

Ce-P-S 

520 

20-2.3 

Ye* 

Si-Ai-Te 

475 

2.9-3.1 

Slight 

Ge-Ai-Te 

270 

3.5 

V.  illghi 

CeP-Te 

380 

53 

V.  ilighl 

ELECTRONIC  PROPERTIES 

The  infrared  tiansmitting  glasses  based  on  S,  Se,  etc.  are  generally 
known  as  chalcogenidc  glasses.  They  are  also  electronic  conductors 
and  form  a  new  family  of  semiconductors  of  low  conductivity.*®*  ** 
Unlike  common  semiconductors  such  as  silicon  and  germanium,  the 
conductivity  of  chalcogenidc  glasses  range  from  10"'*  to  only  10  *  at 
room  temperature.  Most  of  them  are  also  photoconducting.  1  he  com¬ 
bination  of  relatively  low  electrical  conductivity  and  photoconduc¬ 
tivity  leads  to  the  very  useful  application  of  amorphous  selenium  in 
Xerography.  I'he  currier  mobility  in  these  semiconducting  glasses  is 
extremely  low  and  perhaps  accounts  for  their  high  resistivity.  Under 
A  held  gradient,  however,  they  often  undergo  electronic  switching. 
At  some  critical  held,  the  insulator  abruptly  switches  to  a  highly 
conductive  luuterial.  This  switching  behavior  is  reversible  and  swilcli- 
ing  times  are  less  than  nanoseconds.**  Considerable  efforts  arc  now 
directed  towards  the  exploitation  of  this  switching  phenomenon  in 
electronic  devices. 

Electronic  conduction  in  glass  is  not  confined  to  the  chalcogenides. 
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In  l()ri7,  II.'iyiitOM  and  to  woikcis  First  rcpu'icd  that  |>ho.s|ilialc  glasses 
containing  more  than  vanadium  oxide  were  scmitoiiductori.” 
Since  then  n  any  other  sein'roiiducting  oxide  glasses  liave  been  re¬ 
ported. ElccCoiiit  cunductioii  is  tiiuiiglu  to  cKciir  by  a  charge- 
transfer  ty|>e  inechanisin  exemplified  by: 

v*+  —  0  —  V’*  V®*^  —  0  —  v*+ 

The  extra  elec  tron  attached  to  the  V**  ion  ''hops*'  to  an  adjacent  V®+ 
ion  to  constitute  the  current.  The  same  principle  is  applicable  to 
glasses  containing  Fc^'*  and  Fe*'*'  ions.  These  glasses,  like  the  chal- 
cogcnidcs,  also  have  relatively  low  conductivity  10  to  10  ’*  ohm  ’ 
cm  ’.  We  again  have  a  new  class  of  "scmi-insulaturs,"  which  for  many 
electrical  applications  are  picferable  to  the  ordinary  "ionic-insula¬ 
tors,"  such  as  soda-lime  glasses.  Since  conduction  occurs  through  the 


Figure  7.  Effects  if  200  volt  UC  on  electrical  resistance  of  glasses.** 
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iiiutiuii  of  ('icilKiiis  r.iihor  lliaii  ions,  ciccliolysis  is  absent  and  nia- 
(uial  ilctci  iniation  will  not  occur  under  a  DC  firld.  Tliii  is  illustrated 
in  Figure  7  in  wlilt  lr  the  dcicrioiaiion  of  the  ionically  t  ondiK  iioii 
glasses  is  evident.  Some  iinpuitaiit  appliiaiioiis  have  already  been 
fuuiul  for  lliesc  seiniionduitiiig  oxide  glasses.^^  As  for  the  clialcogeii- 
ide  glasses,  sciciitifK.  uiKlersiaiiding  is  far  behind  empirical  knowledge 
and  applications  for  these  oxides. 

GLASS  CERAMICS^* 

A  glass  is  e.ssentially  .a  iiietastable  solid  and  under  certain  condi* 
lions  will  devitrify,  that  is  traiisfuitii  to  the  ap|>icspriaie  eiystalline 
phase  Norin.Tlly,  if  the  crystalliration  is  nut  controlled,  a  mechan¬ 
ically  weak  inatcri.il  i',  fornietl.  1  his  is  primarily  because  nucleation 
is  relatively  easy  on  the  exposed  gl.tss  stuf.tce  aftei  which  crystals  are 
foriuetl.  1  hese  tiyslals  grosv  insvaid  It'ward  the  interior  of  the  sample 
and  tend  to  be  coluinnai  in  shape.  A  huge  grained  and  anisotropic 
|Kilyci ystalliiie  lualerial  results,  which  is  genetally  undesirable  for 
structural  pur  poses. 

S.  D.  Siookcy  of  t.'oriiing  (Uass  Works  discover  eel  that  cryMalliration 
can  be  tonirulled  by  the  addiiion  of  suitable  nucleating  agents  to 
glass,  'rhe  nucleating  agents  arc  added  to  the  glass  batch  hefoie  melt¬ 
ing  and  are  iheicforc  luiifoindy  distiiiniled  through  the  body.  Ex¬ 
amples  of  nucleating  agents  arc  cop|)er,  gold,  platiniini,  titanium 
dioxide,  /irconiuni  dioxide,  phospliorus  peiitoxide  and  metal  fluor¬ 
ides.  Beeause  of  the  uniformly  distributed  mielcaiiiig  pai  litles,  erysial- 
lir.ition  now  lakes  place  simuiiaiicoiisly  a-,  all  pails  of  a  sample  as 
soon  as  the  ajjpropriaic  tcm|K;ralurc  is  reached.  The  large  number 
of  nucleating  particles  results  in  tire  formation  of  luaiiy  sinali  ri  ysiais. 
Dense  and  hnc  graiiicd  bwlics  with  crystal  sire  of  less,  than  one  micron 
can  he  foriiicd.  The  glass  eeraiiiie  so  formed  can  be  more  than  99% 
c  ry.siallinc  and  yet  tan  still  be  highly  transparent  in  the  visible  region 
of  tlies|Kctriim, 

In  rhe  production  of  a  piece  of  glass-ccramic,  the  appropriate  oxides 
containing  small  amuuiiis  of  the  luiclcatinj  agents  are  first  melted 
to  form  the  glass.  'Flie  glass  is  then  leirdcrcd  into  the  desired  shape 
before  a  controlled  hoat-iieainient  schedule  as  depicted  in  Figure  8. 
1  he  sunijric  is  usually  nucleated  at  a  lower  tcinpcratiire  A,  before  it 
is  taken  to  a  liiglier  iciitpcTaiurc  B,  for  maximum  crystal  growth  rate. 


'-I*' 'I'  '  •'  .  ■  ii’i  iiriiiiiiiiliiilM[iaih-i[ih''llt'‘^’'-‘""‘^“'‘^^^ 


A.  NuckMHOA  >«n»«w»lw« 

I.  MsilRHMn  crjrtWIltallon  l«flv«<ntwrt 

Figurc  8.  Hca(-trca(inciU  silu-vlule  fur  a  gluM-irianiic.  A  is  the  nuilratioit 
temperature  and  U  is  maximum  crysialliiatinn  temperature.'* 

T  emperature  A  is  sufficiently  low  ,so  that,  during  the  time  ncccssaiy 
to  complete  the  micleation  trcatmciit,  no  deformation  of  the  santplc 
svill  ocrur.  Kurther  iimeasc  in  Iciujrcralurc  to  11  is  arcompanied  by 
crystal  giowth  aurl  the  sain|>le  is  prugiessively  stifleiietl  because  of 
the  crystals  now  picscni  in  the  glassy  inatiix,  An  almost  entirely 
crystalline  piece  of  ceramic  is  thus  formed  with  no  ihatigc  in  sha{)e 
of  the  starting  solid  glass. 

Glass  ccraintcs  have  irany  advantages  over  both  the  "parent "  glass 
and  coiivcntiunal  ce  »  nics.  Because  they  are  essentially  crystalline 
and  the  liquidiis  or  melting  tcin|K'iatines  of  (eramic  crystals  arc  very 
high,  glass'cerainics  can  be  used  at  higher  tcm|)craturcs  than  the 
corics]>uiiding  glass.  Their  obvious  advantage  over  conventional 
ceramics  is  iliat  of  ease  of  fabrication.  A  common  piece  of  ceramic 
is  usually  fabricated  by  sintering  or  hot  jrressing  the  i>o\vdcr  or  by 
5li|Kasttng.  Both  nieth<Kls  are  accuiupanicd  l>y  laig<‘  volume  shi ink- 
age  and  also  necessitate  higher  iciiijM-iaiuies  than  those  teqiiiiccl  for 
glass  ceiainics. 
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Ill  Tabic  3,  ilie  density  of  glass-ceramics  is  compared  with  that  of 
the  "parcMU”  glass.  It  is  seen  that  the  density  dificrences  are  either 
negligibly  sinall  or  are  absent.  This  clearly  illustrates  the  absence  of 
shrinkage  during  processing.  In  Tabic  4,  a  ccniparison  is  made  of  the 
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1  HKRM.AL  EXP.WSION  COEFUCIFNI  S  AND  DILATOMETRIC 
SOF  1  EMNG  TEMI’ER.VTURF.S  OF  GI.ASSES  AND  CORRESPONDING 
CLASS-CERAMICS** 


'riicrmal  cxpan-jiuii 

Weight  percentage  coefficients  x  10’ 

conipo.sition  (20-400  ”C) 


SiOj 

l.bO 

MgO 

AhO, 

K,0 

Glass 

Glass-ceramic 

81.0 

12.5 

■  — 

4.0 

2.5 

84.3 

113.0 

77.5 

12.5 

— 

10,0 

— 

78.0 

50.0 

62.1 

!.9 

17.6 

18.4 

— 

42.0 

50.3 

66.4 

10.0 

3.0 

20.6 

— 

63.4 

0.7 

60.2 

8.5 

2.8 

28,5 

— 

60,5 

-42.4 

76.7 

14.7 

8.6 

— 

— 

92.8 

92.5 

62.4 

12.4 

25.2 

— 

— 

78.8 

74.8 

thermal  expansion  cocfTicicius  of  some  glass-ceramics  and  those  of  the 
glasses  from  which  they  are  j)re[)ared.  It  is  to  be  noted  that  glass- 
ceramics  can  have  a  vety  wide  lange  of  thermal  expansion.  Large 
sheets  of  glass  ceramics  which  have  a  negligibly  small  expansion  co- 
effitient  and  are  as  transparent  as  a  piece  of  glass  are  now  being  made 
by  some  glass  companies  in  this  country. 

Another  versatility  of  glass-ccrami.ts  is  their  adaptability  to  chem¬ 
ical  machining.  When  a  glass  containing  small  jinotmts  of  copjscr, 
silver  or  gold  ions  ie  iriadiated  with  ultraviolet  light  through  a  mask, 
metal  atoms  aie  formed  in  the  unmasked  region  via  reactions  of  the 
kind: 


Cu+  -T  hy  ->  Cu^+  -f  e 

(!) 

and 

Cu'^  -)~  0  — >  Cu 

(2) 

A  sensitizing  agent  such  as  cerium  oxide  can  he 
following  reactions  to  occur: 

jrresent  to  enable  the 

Ce^+  -f  hy  —>  Co*  *■  -|-  e 

and 

Cu*  -f-  c  — »  Cu 

('I) 
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The  irradiated  glass  is  then  heated  to  cause  the  metal  atoms  to  ag¬ 
gregate  together  to  become  a  nucleatioii  catalyst.  A  ceramic  crystalline 
phase  is  thus  formed  in  those  unmasked  regions  which  were  exposed 
to  the  ultraviolet  light,  In  sonic  LijO-ALOs-SiOj  type  systems,  the 
crystalline  regions  are  many  times  more  soluble  in  dilute  hydrofluoric 
acid  than  the  surrounding  glass.  These  regions  can  therefore  be  etched 
away,  leaving  the  clear  glassy  regions  relatively  untouched.  Intricate 
patterns  or  holes  ran  be  prcnlured  on  the  glass.  Now  the  entire  sample 
is  exposed  to  the  ultraviolet,  nucleated  and  subsequently  totally 
crystallized  to  give  the  glass  ceramic.  Holes  up  to  inch  in  diameter 
can  be  produced  to  within  one  thou.s3ndth  of  an  inch  tolerance  and 
3(10,000  fine  holes  have  been  chemically  machined  per  square  inch  of 
glass-ceramics. 

Because  the  structure  of  glass-ceramics  is  essentially  made  up  of 
i'-ieriocking  fine  crystals  of  high  melting  oxide  phases  with  negligible 
porosity  between  grains,  good  tensile  strengths  are  expected.  The 
strengths  of  glass-ceramics  are  comparable  to  those  for  high  alumina 
ceramics. 

Similar  to  the  case  described  for  glass,  chemical  strengthening  can 
also  be  applied  to  glass  ceramics  through  surface  compression.®^ 
Nepholine  (NaaKoAloSiKO:,^)  glass-ceramics  have  been  subjecitid  to 
ion-cxchaiige  in  molten  KNO;,  or  KCl  or  KeSO^  The  Na^  ions  in  the 
glass-ceiainic  are  replaced  by  K'  ions  from  the  fused  salt  resulting  in 
the  formation  of  a  compressed  surfac  ..'-er.  The  abraded  modulus 
of  rupture  of  the  untreated  sample  is  8,000  psi.  After  chemical 

strengthening,  it  has  increased  to  200,000  psi. 

Because  of  ilieii  transparency,  high  strength,  negligibly  small  ther¬ 
mal  expansion,  chemical  inertness,  relatively  low  density,  and  ease  of 
fabrication  and  machining,  glass-ceramics  are  rapidly  becoming  un 
important  material  of  engineering.  Although  most  gla.ss-ccramics  now 
made  are  insulators,  it  is  obviously  possible  to  apply  the  same  prin¬ 
ciple  to  the  preparation  of  electronic  ceramics.  For  instance,  ferrites 
and  ferroelectrics  have  been  made  via  the  glass-ceramic  technique.*’ 
Similar  studies  can  be  made  on  chalcogcnidc  glasses  and  will,  no 
doubt,  generate  a  n'  w  area  for  scientific  studies  as  well  as  technical 
exploitation  ir.  the  near  future. 

Related  to  giass-ccramics  is  the  study  of  phase-separation  in  glass. 

addition  toso  t  blled  classical  nucleation  which  leads  to  formation 
and  growth  of  splierical  droplets,  another  mode  of  phase-separation 
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termed  “spinodal  dccom|x>sition”  is  possible.  This  latter  mechanism 
leads  to  the  formation  of  continuous  "channels”  of  a  second  phase. 
A  well-known  product  which  is  made  via  this  mechanism  is  Vycor 
glass  which  has  a  negligible  thermal  expansion  coefficient. 

SUMMARY  AND  CONCLUSION 

In  the  last  two  decades,  under  pressure  of  competition  from  plas¬ 
tics  and  the  demand  for  glasses  with  sujicrior  properties,  a  "renais¬ 
sance”  has  taken  place  in  the  field  of  glass  science  and  technology. 
This  review  is  an  attempt  to  present  some  of  the  important  advances 
made.  A  valid  conclusion  is  that  the  phrase  "|}eople  in  glass  houses 
shouldn't  throw  stones"  is  certainly  no  longer  valid. 
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VI.  On  The  Theory  of  Optimum 
Aerodynamic  Shapes 

Angelo  Miele 


I.  INTRODUCTION 

The  determination  of  optimum  aerodynamic  shapes  has  interested 
the  scientific  cumniunity  for  ceiuiirics.  Historically  speaking,  the 
first  problem  of  this  kind  was  the  study  by  Newton  of  the  body  of 
revolution  having  minimum  drag  for  a  given  length  and  thickness 
t  (Fig.  1).  Not  only  did  Newton  employ  analytical  techniques  anal¬ 
ogous  to  the  modern  calculus  of  variations,  but  he  also  formulated 
pressure  laws  which  arc  good  approximations  for  certain  physical 
flowj.  hi  studying  the  impact  of  a  gas  molecule  with  the  body,  New¬ 
ton  postulated  two  possible  models:  (a)  the  normal  velocity  compo¬ 
nent  is  reversed,  while  the  tangential  velocity  component  is  conserved; 
and  (b)  the  normal  velocity  component  is  annihilated,  while  the 
tangential  velocity  component  is  conserved.  In  modern  aerospace 
terminology,  we  recognise  that  Model  (a)  is  the  spccular-rcflection 
model  of  free-molecular  flow  and  Model  (b)  is  an  approximation  to 
dial  of  a  hypersonic,  inviscid  How. 

In  the  early  part  of  this  century,  the  use  of  advanced  mathematical 
techniques  in  the  analysis  of  subsonic  and  supcisunic  flows  stimulated 
a  renewed  interest  in  optimization  problems.  In  particular,  Munk 
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Figure  I.  Newton's  problem. 


ilcterniincd  the  lift  distribution  which  minimizes  the  induced  drag  of 
a  subsonic  wing  having  given  span  and  lift;  furthermore,  Von  Kdnnan 
determined  the  shape  of  the  slender  forebody  of  revolution  of  given 
length  and  thickness  which  mininiizes  the  pressure  drag  in  linearized 
supersonic  flow.  In  more  recent  times,  the  .advent  of  jet  and  rocket 
engines  as  aircraft  propulsion  systems  and  the  parallel  increase  in 
flight  velocities  and  altitudes  have  made  it  necessary  to  extend  the 
optimization  of  aerodynaiuic  shapes  to  a  witlcr  range  of  Mach  and 
Reynolds  numbers,  thereby  including  the  hypeisoiiic  and  iree-molec- 
u!ar  flow  regimes. 

Since  the  distributions  of  pressure  coefficients  and  friction  coeffi¬ 
cients  dcjrcnd  on  the  flow  regime,  it  is  clear  that  a  single  optimum 
body  does  not  exist;  rather  a  succession  of  optimum  configurations 
exist,  that  is.  one  for  each  flow  regime  and  set  of  free-stream  condi¬ 
tions  (Kef.  I).  In  addition,  tiie  optimum  geometry 'dc[K'nds  on  the 
quaiuity  being  extremized  as  svcll  as  the  coiistiaints  employed  in  the 
optimization  process,  svlietlicr  aeiodynainic  constraints  or  geometric 
constraints.  A  summary  of  the  variety  of  problems  which  may  be 
ciuouiitcicd  ill  the  study  of  o|iliiiunn  aerodynamic  shapes  is  shown 
ill  Table  1. 
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TABLE  I 

STUnV  OF  OPTIMUM  AERODYNAMIC  SHAPES 


Flow  regimes 

Sulisunic,  transonic,  supcriuniL-,  hypersonic,  free- 
niolccular 

Criteria  uf  optitniralion 

Pressure  drag,  total  drag,  lilt,  IKt-to-drag  ratio, 
heal-lraniter  rale,  sonic  boom,  ihtuii 

Aerodynamic  conilrainii 

l.iil,  pitching  moment,  center  of  pressure 

Geometric  constraints 

Length,  thickness,  welled  area,  plantorra  area, 
frontal  area,  volume 

IdeaKy,  one  would  like  tv  optimijc  an  aircraft  or  a  missile  as  a 
whole.  Since  this  approach  is  t  xiremely  difficult,  optimization  studies 
have  been  concerned  only  with  the  main  components  of  a  configura¬ 
tion.  In  this  connection,  the  categories  of  shapes  most  frequently  in¬ 
vestigated  aro  shown  in  Table  2. 


TABLE  i 

CATEGORIES  OF  SHAPES 


Wings 

n 

I'wo  dimcnsiunal,  thiec  diniensiunal 

Bodies 

1 

.Axisynimeiric,  threc-dimensiunal 

Nollies,  dilfusers 

1 

.'\xisyinnieiric,  iwu  dim'.’niiunal, 
ihrec-dinicnsioiial 

In  this  pajrer,  the  [ihy.sical  models  of  interest  in  the  theory  of  op¬ 
timum  aerodynamic  shapes  arc  reviewed  in  Section  2.  Then,  the  cor¬ 
responding  mathematical  models  arc  illustrated  in  Section  3.  Con¬ 
cerning  variational  problems,  those  involving  one  indcjrendent  vari¬ 
able  are  reviewed  in  Section  1  and  those  involving  two  independent 
variables  are  reviesved  in  Section  5.  The  solution  pioecss  is  considered 
in  Section  6.  Finally,  new  trends  in  the  theory  and  certain  physical 
problems  of  interest  in  the  immediate  future  are  outlined  in  Section 
7.  Here,  only  considerations  of  a  general  nature  are  presented;  for 
detailed  results,  the  reader  should  consult  the  specialized  litcrr.iure 
on  the  subject  (sec,  for  example.  Refs.  I  and  2). 

2.  PHYSICAL  MODELS 

In  this  section,  some  of  the  |)hyskal  models  of  current  interest  in 
the  theory  of  optimum  aercxlynamic  shajres  arc  reviewed. 

2.1.  Linearized  Supersonic  Flow.  For  relatively  slender  shapes  in 
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flight  at  Mach  numbers  not  too  close  to  unity  and  yet  not  too  large 
with  respect  to  unity,  the  small-perturbation  theory  can  be  employed 
when  estimating  the  aerodynamic  forces  acting  on  a  body.  In  other 
words,  the  set  of  nonlinear  equations  governing  the  motion  ran  be 
replaced  by  one  which  is  linear;  this  is  equivalent  to  assuming  that 
the  Mach  lines  originating  from  the  surface  of  the  body  arc  parallel 

(Fig-  2). 


Because  of  the  linearity,  the  method  of  .luperposition  can  be  em¬ 
ployed,  and  general  analytical  solutions  car.  ^  derived  for  the  aero¬ 
dynamic  forces  acting  on  either  a  two-dimensional  shape  or  an  axisym- 
metric  shape  whose  contour  is  arbitrarily  preKribed.  For  a  two- 
dimensional  shape  (Fig,  2-a),  the  pres:uie  coefficient  at  a  point  P  has 
the  form 


Cp=C,^  (1) 

where  Ci  is  a  constant  which  depends  on  the  free-stream  Mach  num¬ 
ber  and  y  is  the  inclination  of  the  tangent  to  a  surface  element  with 
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respect  to  tlic  free  stream  directum*.  On  the  other  hand,  for  an 
axisyinineti  ic  sh,a|>c  (Fig.  2-h).  the  pressure  loelTtt  ient  no  loii({er  dc- 
)>ciuls  on  the  hnal  slope  of  a  siirfa.c  eleiiiciit,  but  it  is  governed  by 
tlie  gumietiy  of  tlic  entile  body  jnirtion  |nctcding  that  element, 
Symbolically,  this  can  be  written  as 

C'.„  =  Op  (shajie)  (2) 

2.2.  Nonliiiearized  Suncrsonic  Flow.  Whenever  the  combination  of 
thickness  ratio  and  Mach  number  is  such  that  the  linearization 
protess  is  not  |)erinissible,  a  more  precise  approach  to  the  determina¬ 
tion  of  the  llnid  properties  is  necessary.  In  this  connection,  one  can 
employ  a  pressure  coefficient  derived  from  second  or  higher  order 
approximations  to  Uic  ecpiations  of  motion  or,  where  possible,  one 
can  use  the  complete  set  ul  e(|nalions. 

Neglecting  the  interaction  Ivnwccn  tlie  shock  wave  originating  at 
the  leading  edge  of  lire  body  1  and  the  Mach  lines  originating  at 
points  downstream  (Fig.  3),  one  can  employ  a  pressure  coefficient 
derived  from  a  sctond order  ap|>roximation  to  tire  compression 
processes  and  expansion  processes.  Tims,  for  u  two  dimensional  shape, 
the  pressure  coefficient  at  a  point  P  has  the  form 

=  Ciy  Cay*  (3) 


t'lcuRC.  3.  I  lighrr  iinlcr  ap|ni)\iiuali<ins. 

•The  i)iiil>ul  X  denotes  a  cmirdinaie  in  ihe  iimU5mrl>cil  flow  dimlioii,  y  a 
cuurdinaic  perpendicular  lu  x,  and  y  llic  dciisalive  dy/dx. 
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whrrc  ()|  and  Cj  arc  consiaius  whiih  dc{>ciid  on  the  frcc-slrcam 
Mach  iiittnbcr. 

If  iiioic  pict  isioii  i!i  (Icsiicd,  oik-  ran  (-iiiploy  shock  (xpansiuii 
tlu'oiy.  I  lia)  is,  the  cuni|)rcssion  ihioiigii  ilic  slunk  wave  originating 
at  tlic  leading  edge  1  is  cahniated  using  the  exact  cc]uations  of  a 
shock  wave;  the  subsctjiient  txj)ansion  fioiii  point  I  to  point  1*  is 
cakulated  using  the  cijuations  of  a  I'landtlMeyei  cx]>ansion.  Fur  a 
two'ditncnsiunal  sha|se,  this  leads  to  the  following  functional  ex¬ 
pression: 

C,  =  C,(y.y.)  (4) 

If  further  precision  is  desired,  the  interaction  lietwccn  the  shock- 
wave  and  tlic  Nfatli  lines  imist  he  accounted  for  (Fig.  I),  1  hat  is,  one 


C 


FieuPiL  a.  Nonlincsriicd  sU|Kisunic  flim-, 

must  study  the  Iluid  region  (R)  limited  by  the  lunly  surface  IF,  tlit 
shock  wave  IC  originating  at  the  leading  edge,  and  the  right  going 
cliuructeristic  line  CF  [rassing  through  the  final  |>oint.  .Along  the  line 
IF,  the  fluid  velocity  must  be  tangent  to  the  body;  along  the  line  IC;, 
die  equations  of  a  shock  wave  are  valid;  and,  along  the  line  CF,  the 
direction  and  coiiipatibility  (onditions  hold.  Finally,  within  the 
region  (R),  the  paili.'d  dilferential  equations  governing  the  gas  flow 
must  be  satisfied,  'l  liis  type  of  study  is  called  method  o/  characteristics 
and  leads  to  a  pressure  law  of  the  loi  in 

Cp  =  Cp  (shape) 


(5) 
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'I'liiv  iiic;iii'i  iliai  the  |ii(  ssiirc  cocflicicht  at  a  point  I’  cic’tcnils  on  the 
gcoiiii’try  ol  llic  entile  Ixnly  pi))  tion  piendinf;  fliis  point. 

2..H,  N'eu  toiiiiiii  Hype i soiiii  Flow.  Wlienevei  ilu’  [lee  Mii'iiin  Nfacli 
iiiiiiiliia  is  siillii  ieiidy  l.tige  ^viih  ieb|H'(l  lo  unity,  the  sliot  k  tvave 
genciaitd  at  the  leading  edge  of  lIic  body  lies  so  close  to  the  body  that 
it  can  lie  icgaided  to  be  identical  witli  it  (Kig.  .'i).  Consequently,  the 


Kicure  5.  Newtonian  hypersonic  flow. 


pressure  distribution  ran  be  detciinined  with  the  assumption  that 
the  tangential  velocity  component  of  tlic  particles  striking  the  bexty 
is  ronscrvecl,  while  the  normal  velocity  coin|)oncnt  is  annihilated. 
This  is  precisely  Model  (b)  ol  tlio  inlioduction.  For  slender,  two- 
dimensional  sh,i|K’s  and  axisytnmetric  sha|)es,  the  piessure  coefficient 
at  a  point  P  iscriveii  by 

Cp  =.  (6) 

?A.  Ncwtun  Uiiseniaiin  Hypersonic  Flow.  A  basic  hypothesis  of 
the  Newtoniati  flow  model  is  fb-ict  the  pressure  at  a  poir.t  immediately 
behind  the  shock  wave  is  identical  with  the  pressure  at  the  < oi  iC5|>ond- 
ing  jroint  of  the  btxly.  Eve  n  if  one  admits  that  the  layer  of  gas  Irctween 
tlic  shock  wave  and  l!it-  bixly  is  infinitely  tliiii,  the  equality  of  the 
pressures  is  justilied  only  if  the  gas  pat  tides,  after  c  rossing  the  shock 
wave,  move-  along  rectilinear  paths;  this  is  precisely  the  case  for  a 
wedge  or  a  cone.  t)n  the  oilier  hand,  il  tlic  binly  is  either  convex  or 
concave,  the  gas  particles  in  the  thin  layer  between  the  shock  wave 
and  the  bcnly  move  along  c  ui  vilinenr  paths,  that  is,  they  arc  subjected 
to  centripetal  accelerations.  Thcrcfoie,  the  actual  pressure  on  the 
bexiy  is  lower  than  that  |nedic:tecl  with  the  Newtonian  theory  for 
convex  bodies  but  higher  for  concave  bodies. 
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Ilic  iMuhing  pressure  <.urrcction  was  first  catculaicd  by  Bust- 
iiianii;  hciirc,  (his  flow  tiKxlei  is  called  the  Newton-Biiseiiianii  iitodcl 
and,  while  mure  cunipliialeil  than  the  Newtonian  model,  it  is  still 
relatively  simple  for  analytical  pm|io5es.  1  he  reason  is  that,  if  the 
slender  body  approximaiiun  is  made,  tlic  pressure  coefficient  at  a 
|)oint  Pis  given  by 

C,  =  2y«  +  kyy  (7) 

where  k  =  2  for  two  diincnsional  flow  and  k  1  for  axisyinmetrie 
How.  Therefore,  C,,  dejiends  only  on  the  geometric  projiei  ties  of  a 
surface  element  and  is  iiulefiendent  of  the  geometry  of  the  body  por¬ 
tion  preceding  that  element. 

2.5.  Free Molecular  Flow.  In  the  previous  sectioirs,  it  was  tacitly 
assumed  that  the  gas  is  a  continuum,  that  is,  the  mean  free  path  is 
small  with  respect  to  a  chatactciistic  dimension  of  the  body.  When¬ 
ever  the  mean  free  path  is  large  with  res{H;ct  to  a  characteristic  dimen¬ 
sion  of  the  body,  the  nature  of  the  flow  is  free  molecular.  The  inci¬ 
dent  molecules  are  undisturbed  by  the  piesciuc  of  the  vehidc,  that 
is,  the  iiKoming  and  reflected  flows  are  transparent  to  each  other. 
For  analytical  jmr{K>ses,  two  idealized  models  have  been  cmjiloycd 
tints  far  and  are  now  illusliaieil. 

In  the  specular  lejtertion  model  (Fig,  G  a),  the  molecules  hitting 
the  surface  arc  reflected  optically,  which  means  that  tlie  tangential 
velocity  conijwnent  is  unchanged  while  the  nonnal  velocity  com- 
jtonent  is  icveised.  This  is  Model  (a)  of  the  iiitioduction.  Under 
conveniciu  a])pioximations,  the  pre.ssurc  coclhcient  at  a  ]>oint  P  of  a 
slender  body  is  given  by 

C,  .r  4y>  (S) 

that  is,  it  is  twice  that  of  Newtonian  hy|)ersonic  flow. 

In  the  disuse  reflectiou  model  (Fig  G-b),  the  molecules  hitting  the 
surface  arc  fust  absorbed  and  then  reemitted  with  a  Maxwellian 
velocity  distribution  corresponding  to  uii  ctpiilihiium  tem|>cra(uie 
intermediate  between  that  of  the  ificomiiig  flow  and  that  of  the  solid 
surface.  Under  convenient  approximations,  the  pressure  cocflicieiit  at 
a  point  P  of  a  slender  bexly  is  give  by 


Cp  2y='  +  2ky 


(9) 


124  I'KT^S  IN  SCIENCE 


\ 

\ 

\ 

\ 


(o) 


(b, 


Figure  6.  Free-molecular  How. 

where  the  constant  k  depends  on  the  surface  temperature  and  the  free- 
stream  conditions.  Clearly,  Cp  depends  only  on  the  orientation  of  a 
surface  element  with  respect  to  the  free-stream  direction  and  is  inde¬ 
pendent  of  the  geometry  of  the  body  portion  preceding  that  element. 

3.  MATHLMATICAL  MODELS 

In  the  previous  section,  a  discussion  of  the  principal  flow  regimes 
was  given.  After  the  physical  model  has  been  established,  and  after 
the  criterion  of  optimization,  the  aerodynamic  constraints,  and  the 
geometric  constraints  have  been  decided  upon,  a  well-defined  optimi¬ 
zation  problem  arises.  In  this  connection,  two  mathematical  models 
can  be  identified:  (a)  problems  in  which  the  optimum  is  sought  with 
respect  to  a  finite  number  of  parameters  and  (b)  problems  in  which 
the  optimum  is  sought  with  respect  to  a  finite  number  of  functions. 
Problems  of  type  (a)  belong  to  the  theory  of  maxima  and  minima, 
also  called  mathematical  programming;  problems  of  type  (b)  belong 
to  the  calculus  of  variations,  also  called  optimal  control  theory.  For 
the  sake  of  brevity,  only  problems  of  type  (b)  are  reviewed  in  the 
following  sections.  Specifically,  the  case  of  one  independent  variable 
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is  considered  in  Section  4  and  the  case  of  two  independent  variables 
is  considered  in  Section  5. 

4.  VARIATIONAL  PROBLEMS  IN  ONE  INDEPENDENT 
VARIABLE 

In  the  theory  of  optimum  aerodynamic  shapes,  certain  functional 
forms  invcjlving  one  independent  variable  and  one  or  several  de¬ 
pendent  variables  are  of  frequent  interest. 

4.1.  Simplest  Problem.  The  simplest  problem  of  the  calculus  of 
variations  consists  of  extremizing  the  line  integral 

J  =pf(x.y.y)dx  (10) 

with  respect  to  the  class  of  continuous  functions  y(x)  which  satisfy 
certain  prescribed  boundary  conditions.  In  this  relation,  x  denotes 
the  independent  variable,  y  the  dependent  variable  and  y  the  deriva¬ 
tive  dy/dx;  the  subscripts  i,  f  stand  for  the  initial  and  final  points 
respectively. 

Variational  problems  of  this  type  arise  whenever  two  reqtiirements 
are  met.  First,  the  configuration  must  have  special  geometric  proper¬ 
ties  so  that  the  body  is  described  by  a  single  curve;  this  is  precisely 
the  case  with  a  two-dimensional  wing,  a  body  of  revolution,  and  a 
conical  body.  Next,  the  flow  regime  must  be  such  that  the  pressure 
and  friction  coefficients  are  functions  of,  at  most,  the  local  coordinates 
and  the  slope  of  the  contour;  this  situation  occurs  in  linearized  sujjcr- 
sonic  flow,  Newtonian  hypersonic  flow,  and  free-molecular  flow. 

Examples  of  functionals  of  type  (10)  are  the  following: 

Dp/2Ciq.  =fVdx  (11) 

Jo 

and 

=j*yy*dx  (12) 

where  Dp  is  the  pressure  drag,  the  frec-stream  dynamic  pressure. 
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X  a  coordinate  in  the  flow  direction,  and  y  a  coordinate  perpendicalar 
to  X.  Equation  (11)  pertains  to  a  two-dimensional  wing,  symmetric 
with  respect  to  die  chord,  in  linearized  supersonic  flow;  Eq.  (12)  per¬ 
tains  to  a  body  of  revolution  in  Newtonian  hypersonic  flow. 

4.2.  Isoperimetric  Problem.  A  modification  of  the  previous  prob¬ 
lem  arises  whenever  the  following  integrals  are  considered; 

J  =  /  'f(x,y.t)dx,  K  =f  *(f(x.y,y)dx  (13) 

where  K  is  a  given  constant.  The  extremization  of  (13-1)  is  sought 
widi  respect  to  the  class  of  continuous  functions  y(x)  which  satisfy 
certain  prescribed  boundary  conditions  and  the  isoperimetric  con¬ 
straint  (13-2). 

The  following  are  examples  of  this  type: 

V2Ciq,  =/*y*d*.  A/2  (1^) 

and 

D^4*q.  =  f  V*dx.  V/,r  =  f  y*dx  (15) 

Problem  (14)  pertains  to  a  two-dimensional  wing,  symmetric  with 
respect  to  the  chord,  in  linearized  supersonic  flow:  the  pressure  drag 
Dp  must  be  minimized  for  a  given  enclosed  area  A.  Problem  (15)  per¬ 
tains  to  a  body  of  revolution  in  Newtonian  hypersonic  flow:  the 
pressure  drag  Dp  must  be  minimized  for  a  given  volume  V. 

4.5.  Ratio  of  integrals.  A  modification  of  the  isoperimetric  prob¬ 
lem  arises  whenever  the  following  integrals  are  considered: 

Ji  =  f  'f,(x.y,y)dx,  J,  =  J*'f,(x.y,y)dx  (16) 

and  the  extremizatioii  of  the  ratio 

J  =  J./Ja  (17) 

is  sought  with  respect  to  the  class  of  continuous  functions  y(x)  which 
satisfy  certain  prescribed  boundary  conditions. 
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The  following  example  illustrates  the  above  situation: 

L/2q^  =  f  j*dx,  D/2q^  “jo 

E  =  L/D  (19) 

where  L  is  the  lift,  D  the  total  drag,  E  the  lift-to-drag  ratio,  and  Cf 
the  surface-averaged  friction  coefficient.  Problem  (18)-(19)  pertains 
to  a  two-dimensional,  flat-toj)  wing  in  Newtonian  hypersonic  flow: 
the  lift-to-drag  ratio  E  is  to  be  maximized  for  given  length  t  and 
thickness  t. 

4.4.  Boiza  Problem.  In  the  previous  sections,  several  particular 
problems  were  considered,  Here,  we  formulate  a  very  genera!  prob¬ 
lem,  which  includes  all  of  the  previous  problems  as  particular  cases. 
We  consider  the  set  of  dcrivated  variables 

yk  =yk(’i).  . n  (29) 

and  nonderivated  variables 

Ufc  =  Uk(x),  k  =  l,.....ra  (21) 

whiTi  satisfy  the  isoperimctric  constraints 

Kj  =  f  '<pj(x.y».yk,uOdx  +  [Yr(x,y»)f.  j  =  1 . .p  (22) 

the  differential  constraints 


Vj(x,yk.yk.'ik)  =  0,  j  =  l,....,q  (25) 

and  certain  prescribed  boundary  conditions.  It  is  required  to  And  the 
combination  (20)-(21)  which  extremizes  tlie  functional 

J  =  f''£(x.yk.yk,uOdx  -f  [g(x.yO]*  (24) 

This  problem,  called  the  Boiza  problem,  is  the  most  general  problem 
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of  the  (^^alciilus  of  variations  in  one  independent  variable.  It  reduces 
to  the  Lagrange  problem  for 

g  =  0.  Vj  =  0.  j  =  (25) 

and  to  the  Mayer  problem  for 

f  =  0.  tp,  ==  0,  j  =  1 . p  (26) 

In  turn,  the  Mayer  problem  reduces  to  the  Pontryagin  problem 
when  the  differential  constraints  (23)  have  the  form 

yj  —  o>j(x.ys.u»)  =  0.  j  =  •.■••.q  (27) 

with 

q=n  (28) 

Problems  of  the  Bolza  type  arise  in  the  study  of  two-dimensional 
or  axisymmctric  bodies  in  nonlincarized  supersonic  flow,  providing 
the  acrodynainic  forces  and  the  geometric  constraints  can  be  expressed 
asone<limensional  integrals  to  be  evaluated  along  the  same  reference 
line  (e.g.,  the  contour  of  the  body  or  a  characteristic  line  of  the  flow 
field).  As  an  example,  consider  the  shock-free,  supersonic  expansion 
of  a  gas  in  a  two-dimentional  or  axisymmctric  nozzle  of  given  length 
(Fig.  7).  In  this  problem,  the  thrust,  the  mass  flow,  and  the  length  can 
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be  cxpreued  as  integrals  of  quantities  evaluated  along  the  left-going 
characteristic  line  DIF  joining  the  axis  of  symmetry  with  the  final 
point.  The  min.imal  problem  is  a  Buha  problem,  with  this  nndci- 
standing:  tlie  quantity  J  is  the  thrust;  the  constants  Kj  ate  the  mass 
flow  and  the  length;  and  the  constraints  q»|  z=  0  are  the  diifercntial 
equations  to  be  satisfied  along  a  characteristic  line,  namely,  the  dircc* 
tion  and  lompatibiliiy  < unditions. 

Problems  of  the  Bol/a  ty|>c  also  arise  in  the  study  of  two-dimen¬ 
sional  or  axtsymmetric  bodies  in  Newtonian  hypersonic  flow,  Newton- 
Busemanii  hypersonic  flow,  and  frec-moiccular  flow  whenever  an 
inequality  constiaini  is  imposed  on  the  configuration  and/or  deriva¬ 
tives  of  second  and  higher  order  are  (iresent.  At  first  glance,  these 
problems  do  not  seem  to  be  covered  by  the  Bolza  formulation:  in  Eqs. 
(22)-(24),  inequality  constraints  are  not  mentioned  and  only  first- 
order  derivatives  arc  present.  However,  by  the  judicious  use  of  aux- 
iliu.  /  variables,  each  problem  can  l>e  converted  into  a  Bolza  problem. 
As  an  example,  the  slope  of  a  configuration  in  Newtonian  hypersonic 
flow  may  be  required  to  be  nonnegative  everywhere,  that  is,  the  in¬ 
equality  constraint 

y  S  0  (29) 

is  to  be  accounted  for.  1  iiis  inequality  constraint  can  be  converted 
into  a  differential  constraint  if  the  auxiliary  variable  u  defined  by 
the  relationship 

y  -  u»  =  0  (30) 

is  introduced. 

5.  VARIATIONAL  PROBLEMS  IN  TWO  INDEPENDENT 
VARIABLES 

In  the  theory  of  optimum  aerodynamic  shapes,  certain  functional 
forms  involving  two  independent  variables  and  one  or  several  de¬ 
pendent  variables  are  of  frequent  interest. 

5.1.  Simplest  Problem.  The  simplest  problem  of  the  calculus  of 
variations  consists  of  extremizing  the  surface  integral 
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wiilt  to  the  claji  of  coniiiitioui  fimnioni  v.Sjiih  ia(iify 

iciiaiii  I'l ( ii.i ilK'd  bouiuiaiy  In  ifiis  rrlation,  x  and  y 

denote  the  inde|>cndcnt  variables,  z  the  dcjiendent  variable,  z,  the 
derivative  .mtl  the  deriv.itive  ?z/oy;  the  lyinlrul  S  dcnotcj  the 
duinaiii  of  inte^i.ition  in  the  xy  plane. 

Vaiiatioiul  |iiul>leiiis  of  this  tyj>c  arise  svhcnevci  the  flow  ref^ime  is 
such  that  the  pressure  and  (liction  coefficients  are  functions  of,  at 
most,  the  IcM  al  <  unrdiiiaies  and  the  slopes  of  the  siirfare  defining  the 
body.  'I'liis  situation  oCiUis  in  certain  problems  of  linearized  super¬ 
sonic  flow,  Newtonian  hy|>ersonic  flow,  and  free  molecular  flow. 
Examples  of  functions  of  type  (31)  are  the  following: 

=//.^*dxdy  (32) 

and 

D/2q^  ==  //,(i;  +  Q)dxdy  (33) 

where  x  and  y  arc  planform  coordinates  and  z  it  a  coordinate  perpen¬ 
dicular  to  the  xy-plane.  Equation  (32)  represents  the  pressure  drag 
oi  a  three-dimensional,  flat-tup  wing  in  Newtonian  hypersonic  flow; 
Eq.  (33)  is  the  total  drag  of  the  tame  wing. 

5.2.  Isoperimctric  Pfoblcin.  A  luudirtcalion  of  the  previous  piob* 
1cm  arises  whenever  the  following  integrals  are  considered; 

J  =  K  =;  //i(r(x,y,r,z,z,)dxdy  (54) 

where  K  is  a  given  constant.  The  extremization  of  (54-1)  it  sought 
with  rcsjrect  to  the  class  of  continuous  functions  z(x,y)  which  satisfy 
certain  prescribed  boundary  conditions  and  the  isoperimeuie  con¬ 
straint  (34-2). 

The  following  is  an  example  of  a  problem  of  this  type: 

J5/2q,  =  /J5,  (i*  -f  C,)dxdy.  V  =  //,  zdxdy  (35) 

Problem  (35)  pertains  to  a  three-dimensional,  flat-top  wing  in  New¬ 
tonian  hypersonic  flow;  the  total  drag  D  must  be  minimized  for  a 
given  volume  V. 

5.3.  Ratio  of  Integrals.  A  modification  of  the  isoperimetric  prob¬ 
lem  arises  whenever  the  following  integrals  are  considered: 


Ji  = //,fi(’‘-y.*-»s<*7)<i»dy,  J,  = //,f,(x,y,z,z,z,)dxdy  (36) 
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■nd  the  exlrciiiiution  of  the  taliu 

J==J./J.  (^7) 

ii  lought  with  icspei  t  to  the  class  of  continuous  funt  tiuns  e(x,y)  which 
lacisfy  certaii  |<rescribed  boundary  conditions. 

The  following  exainjile  illustratrs  the  al>uvc  situation; 

L/2q^  ==  //,  i,*dxdy.  D/2q,  =  (ij  -|^  C,)dxdy  (.18) 

E  1=  L/I)  (.19) 

rrobleni  (38)-(39)  |>ettains  to  a  three-dimensional,  flat-tof)  wing  in 
Newtonian  hypersonic  flow:  the  lift  todrag  ratio  E  is  to  bc‘  inaximircd 
for  a  given  planform. 

.1.4.  Bolia  Problem.  In  the  previous  tcctiont,  several  particular 
problems  were  considered.  Here,  we  formulate  a  very  general  prob¬ 
lem,  which  includes  all  of  the  previous  probictiu  as  particular  caiief. 
We  consider  the  set  of  derived  variables 

rk(x.y),  k  =  1, n  (40) 

•nd  nonderivated  variables 

uj  —  u,(x,y).  k=l ,m  (41) 

which  satisfy  the  isoperimetric  const!  aints 
K,  =  /i,(j)j(x,y,r>.i,..rs,.u»)dxdy  -f-  /^Yj(x.it.y.J',z».z»)d!, 

j-» . P  («) 

the  differential  conilrainis 

^l(x,y.rs.^sc.^,.«s)  =0.  i  =  1 . q  (45) 

and  certain  prescribed  boundary  vondilions.  Here,  S  is  the  domain  of 
integration,  B  the  boundary  of  this  domain,  and  s  a  curvilinear  ab- 
acissa  along  B;  the  dot  sign  denotes  total  derivative  with  respeer  to  i. 
It  is  required  to  find  the  combination  (40)-(41)  which  cxiremites  the 
functional 

J  =//,t{*.y.*s-*».-*sr.“s)dxdy  +  /^g(x.x.y,f,r»z»)ds  (44) 

This  problem,  called  the  Botia  pioblem,  is  the  most  general  problem 
of  the  calculus  of  variations  in  two  independent  variables.  It  reduces 
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lidlir  I  opou^r  fiuiblriit  (ui 


g  ==  0.  V, 

and  to  the  Mnyrr  ptnbh  m  for 

-^0, 

j=  1,- 

...p 

(45) 

f  (t. 

=  0, 

j=  1- 

-,p 

(4b) 

rrul)tnii!i  of  (lie  n«il/a  (y{i€  atiM'  in  the  iiiuly’  of  axityminrlric  IxKiirs 
in  ttcil  or  iioniiiirMii/rvi  siijmsoiiir  tl>iw,  whenever  i.'oiiKtrainln 

ati'  iiii|K)\c<I,  iioi  only  on  ihr  Iciixili  aiul  the  *Ji;initlci.  hut  alio  on  in- 
tt(;r.itctl  «|iiantilirs  suili  as  the  wettrd  area  or  the  voliinic.  As  an  ex- 
anij>lr,  (oiisidn  the  ]n<>t)lrtn  of  liiuling  the  axis)  iinni  ii  ii  doseil  iHNly 
wfiidi  rniniini/cs  (he  (lia){  in  linear i/cii  sn|)ei.ionii  flow  foi  given  con- 
stiaints  ini]>osr(l  on  (lie  lengdi  and  the  volninc  (Kig.  8).  One  deals 


C 


Fdiuxr.  8.  Clirivd  l»<Hly  «l  icvuliiiion 

W'iUr  the  How  (rruperties  in  a  region  in'*  hnhted  by  a  boundary  B 
fornied  by  the  body  contnur,  the  lefi-goiiig  characteristic  through 
(hr  initial  point  1,  and  (he  right  going  rharactcristic  through  the 
hnal  |»uini  F.  After  the  drag  and  the  volume  arc  expressed  as  integrals 
of  (|uanti(ies  evaluated  along  the  iHHiy  lontour  IF,  the  miniinal  |)rob- 
lem  can  l>c  tirated  as  a  HuUa  problem,  witli  this  understanding:  the 
qnaniity  J  is  the  drag;  the  cuiistant  K  is  (lie  value  prescribed  for  the 
volume;  and  (lie  cunstrainis  r^>j 0  arc  (be  irroiationality  condition 
and  (hr  cundnuily  equation  which  hold  ai  every  |>oinl  of  the  region 
(R).  Of  course,  (he  langeiny  (onditions  nms(  l>r  saiisficd  along  the 
Ixxly  (oiKuur  IF  and  ihcdiieciimi  and  compatibility  ruiulitions  must 
be  satisfied  along  the  remainder  of  (he  contour  B,  tha(  is,  :Sc  charac¬ 
teristic  lines  1C  and  CF. 
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f).  soil!  1  ION  I'RUCKSS 

In  tlir  I'rcviijii}  sri  (ioii^,  ,i  diuiH^inn  oI  ilir  piiiii  i|>.<l  ituilii'iti.iti( 
ntmli'N  Ails  Afin  iiii  ojitiiui/.ilion  |iiiiMt'iii  li.is  liccii  iniiini 

litinl,  (lie  i|ii‘;ii4l  Uxils  of  iliv  i.iUiiliis  ul  vaiOtions  iiinsi  i>c  ciii' 
lihiyrd;  they  invulvr  fiistoiilrr  (oiuiiiiiiin  kcII  ;is  kiuikI  jikI 
hiKht'i'  •nitt'i  (oiiditions.  Wl'.le  »  ilrtailnl  mi.ilysi^  is  bi'iniiil  (lie 
iiupi'  ul  iliii  |>a|H'i,  a  siiiiiMi.il  y  iif  tin  m’  itiiKiitiniis  is  iiKsriiiril  in 
I'ablr  .1.  We  note  (lia(  ilir  li.ivii  ('({lUdnns.  (In-  Kiiki  (.({luiiniis,  aie 
ordiiMi^'  (liHcunlial  ri{ii.iiii>ns  (or  tlu-  |>ioliliiiis  of  SkUoii  -I  anil 
piitia!  itiKi'iniiial  i'i|tia(ii>Ms  (oi  die  |iiol>li'iiis  ol  .Sniioii  'i.  1  Ik  le 
foie,  ilie  fMolili'iiis  of  Ss'c  lion  Ti  ate  (otisiilcialily  iiioie  iliHunll  ilian 
those  of  Jil  l  t inn  4. 

\Vidi  die  aid  of  dll'  alxue  vai  i.ilioiMl  iixils,  a  u  iile  v.iiieiy  of  |iioti' 
Inns  lias  iK-ni  solved  in  iciciit  yeais.  Wiiiy^s,  IiihIics,  and  v.iiiy;  IkhIs 
eondiinations  fuse  lieen  i>|)iiiiit/rii  in  »n|jciMiiiu,  liyt>nsoiiie,  .liid 
free  iiiolciiilai  flow.  1  he  disiinsion  of  all  the  lesiilis  ohlainnl  giHs 
beyond  die  siojic  of  this  paiKT.  1  hcrcfinc,  the  icailt'f  is  icfviri'd  to 
the  sjictiali/i'd  literature  on  the  snhjrit  (s»e,  for  exam|)le,  Kel>,  1 
and  li) 

f  ABI  K  5 

Of  t  IMtiM  (UNtn  I  KINS 

Ktilri  rs|u4l|iiiii.  liaimriMlIly  loiiiiilloil, 
rornct  loiistiiuMii 

1  rifcnilir  oiiiilinoii,  \S’ririsii<s>  iXHiiIl' 
lliui,  joulii  (iiiuliiiiiii 

7.  KNGINttRING  1  RtNDIj  ANU  UN60LVtI)  PROBLKM.S 

Dcipitc  the  variety  of  the  rciulis  already  obtained,  the  diioiy  of 
uptiniuni  aerodynamic  shapes  is  only  at  its  beginning.  I'lieic  ate 
interciting  and  useful  variational  |irol>lenis  in  one  iiule|>ciidcnt 
variable  yet  to  Ire  s.ilvcd  in  cveiy  flow  legiiiie.  .An  analogoui  reni.aik 
is  even  more  a|)|no}nia(e  for  variational  piohlenu  involving  two, 
thicc,  or  four  iiutejicndciu  va;  iahlcs,  siiiic  duK'  ninbleiiu  have  been 
treated  in  the  liteialuic  only  oeiasiunally.  Aiiunig  the  rngiiiceiing 
probleiiis  which  dcseivc  to  In'  investigated  in  the  iie.n  fiiiine,  the  fol¬ 
lowing  deserve  to  Ire  niciiiioncil; 

(a)  Sujicrsunic  flow;  Dctetiiiination  of  the  axisyniincirie  closed 
Iwdy,  foicbody,  or  ducted  forcbody  which  ininiinircs  the  total  drag, 


niit  tMilfi  iifiiUihiMti 

Highri  untrr 
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the  sum  of  die  pressure  drag  and  the  friction  drag,  for  a  given  volume. 

(b)  Supersonic  flow:  Determination  of  three-dimensional  wings, 
fuselages,  and  wing-fuselage  ccunbinations  which  minimize  the  total 
drag  under  the  condition  that  the  lift  is  given,  the  volume  is  given, 
and  the  boom  intensity  on  the  ground  does  not  exceed  a  prescribed 
limit. 

(c)  Hypersonic  flow;  Determination  of  the  axisymmetric  body 
which  minimizes  the  surface-integrated  heat  transfer  rate. 

(d)  Hypersonic  flow:  Determination  of  three-dimensional  wings, 
fuselages,  and  wing  fuselage  combinations  which  minimize  die  total 
drag  or  maximize  the  lift-to-drag  ratio  for  given  conditions  imposed 
on  the  lift  and  the  volume. 

(e)  Free-molecular  flow:  Determination  of  three-dimensional  shapes 
having  minimum  drag  for  a  given  volume. 

Mathematically  speaking,  these  problems  are  problems  of  the  Bolza 
type  in  one  or  several  independent  variables,  not  generally  amenable 
to  analytical  solutions.  This  being  the  case,  numerical  techniques 
must  be  developed,  more  specifically,  first-variation  methods  (steepest- 
descent  methods)  and  second-variation  methods  (quasi-linearization 
methods). 

While  the  theory  of  optimum  aerodynamic  shapes  is  only  at  its 
beginning,  the  vista  is  f:tpanding  rapidly  on  its  promising  applica¬ 
tions.  Therefore,  it  is  not  difficult  to  predict  that,  providing  sufficient 
research  eivort  is  expended  in  this  area  and  providing  the  present 
rate  of  progress  is  maini.ained  in  the  design  of  digital  computing 
machines,  '.he  calculus  of  vai.ations  approach  will  become  a  funda¬ 
mental  instrument  in  the  design  of  optimum  aerodynamic  configura¬ 
tions. 
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VIL  Arc  Jets  In  Science  and 
Technology 

Charles  Sheer 


INTRODUCTION 

The  generation  and  management  of  arc  jets  is  a  segment  of  the 
broader  field  of  plasma  physics  which,  during  recent  years,  has  pene¬ 
trated  deeply  into  science  and  industry.  Motivated  chiefly  by  the 
need  to  solve  technical  problems  involving  hyperthermal  aerospace 
environments,  the  development  of  the  arc  jet  has,  within  a  suprisingly 
short  space  of  time,  borne  fruit  in  many  areas  of  modern  technology. 

An  arc  jet  generator  is  a  device  for  producing  a  con,;inuous  stream 
of  plasma,  or  "plasmajet,''  by  means  of  an  electric  arc.  Phenomeno¬ 
logically,  the  popular  notion  of  ;he  plasma  medium  is  that  of  an 
ionized  gas  in  which  there  exists  some  mechanism  for  maintaining 
a  supply  of  charged  particles.  Moreover,  the  concentration  of  charged 
particles  must  be  sufficient  to  impart  to  the  gas  the  normally  absent 
property  of  electrical  conductivity.  This  relatively  simple  idea,  how¬ 
ever,  is  transcended  by  the  recently  expanded  concept  of  plasma, 
which  includes  condensed  phases  of  matter  as  well  as  gases.  For  ex¬ 
ample,  it  has  been  pointed  out*  that  the  concept  of  Pebye  screening, 
which  is  a  fundamental  idea  of  considerable  importance  in  plasma 
physics,  was  first  introduced  by  Debye  and  Hiickei  to  describe  the 
motion  of  charged  particles  in  aqueous  electrolytic  solutions.  Simi¬ 
larly,  the  oscillations  of  the  electron  gas  within  a  solid  metal  were 
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predicted  and  found  by  direct  analogy  with  the  natural  oscillations 
of  a  gaseous  plasma.  The  phenomena  of  charge  avalanches  and  cyclo¬ 
tron  resonance,  both  characteristic  of  gaseous  plasmas,  have  been 
observed  in  semi  conducting  solids.  In  fact,  the  term  ‘'microplasma" 
has  come  into  common  use  in  solid  state  physics  to  describe  events 
featuring  the  collective  motions  of  charged  particles  in  semi-conduc¬ 
tors. 

In  addition  to  maintenance  of  mobile  charged  particles,  there  are 
other  requirements*  which  are  essential  to  the  generation  of  plasma, 
hut  which  are  too  involved  to  include  here.  For  our  purposes  it  will 

TABLE  I 

RANGES  OF  PARTICLE  DENSITY  AND  TEMPERATURE  FOR  VARIOUS 


TYPES  OF  PLASMAS 

Particle 

Density 

Temperature 

(No.  Per  cc) 

(•K) 

Natural  Plasmas 

Stellar  Interion 

10"-  10“ 

•^lO* 

Stellar  Atmospheres 

10"  -  10" 

10* •  10* 

Nebulae 

10* 

10* 

Interstellar  Space 

1  -  100 

10* 

Earth's  Ionosphere 

10" .  10“ 

10*-  10* 

Man-Made  Plasmas 

Thermonuclear  Plasma 

10“  - 10" 

10*-  10* 

Constricted  Arc  Plasma  Jets 

10"  - 10“ 

1-5x10* 

Free  Burning  Electric  Arcs 

10"-  lO'- 

7-10x10* 

Combustion  Flames 

10“-  10“ 

5-5x10* 

Low  Pressure  Arcs 

10" .  10“ 

1-5x10* 

Glow  Discharges 

10“- 10“ 

500-600 

be  useful  to  adopt  tlie  following  qualitative  description  of  the  plasma 
medium: 

A  macroscopically  neutral  body  of  matter  containing  an  appreciable 
concentration  of  mobile  charge  carriers. 

Implicit  in  the  rather  indefinite  term  "appreciable”  is  the  notion 
of  an  adequate  degree  of  electrical  conductivity.  In  the  case  of  gaseous 
plasma,  the  flow  of  electricity  through  the  medium  provides  an  ex¬ 
cellent  mechanism  (electrical  resistance  heating)  for  supplying  energy 
to  the  medium,  a  requirement  which,  as  we  shall  see,  is  essential  to 
steady-state  arc  jet  generation. 
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The  first  appearance  of  plasma  physics  as  a  scientific  discipline 
arose  out  of  the  astrophysical  inquiries  into  such  topics  as  solar 
prominences  and  the  motion  of  stellar  clouds,  wherein  the  ionized 
nature  of  the  medium  and  its  consequent  interaction  witJr  magnetic 
fields  led  to  a  new  understanding  of  these  phenomena.  Thus,  widen¬ 
ing  our  scope  to  a  cosmic  scale,  it  might  be  said  that  the  study  of 
plasma  is  as  old  as  astronomy. 

The  various  natural  and  man-made  plasmas  differ  from  each  other 
chiefly  with  respect  to  particle  density  (pressure)  and  average  particle 
kinetic  energ)'  (temperature).  Table  I  shows  the  ranges  of  density 
and  tem{>erature  encountered  in  the  various  types  of  j.>Iasma.  In 
particular,  for  the  arc  jets  to  be  discussed  bc'ow,  we  shall  be  dealing 
with  free-burning  arcs  and  constricted  arc  plasma  jets.  Therefore, 
for  the  balance  of  this  chapter  we  shall  restrict  our  attention  to  ion¬ 
ized  gases  having  particle  densities  in  the  range  of  1 0"*  to  10*®  particles 
per  cc,  and  temperatures  in  the  range  7  x  10®  to  5  x  10^  “K. 

PLASMA  GENERATION 

All  devices  or  environments  in  which  plasma  is  generated  have  in 
common  some  mechanism  for  the  continuous  ionization  of  the  med¬ 
ium.  Since  charged  particles  are  continually  lost  from  a  given  plasma 
zone,  either  by  direct  recombination  of  oppositely  charged  species, 
or  by  diffusion  or  convection  out  of  the  plasma  zone,  continual  ion 
production*  is  mandatory  for  the  continued  existence  of  the  plasma 
state.  In  the  glow  discharge,  direct  ionization  by  impact  of  free  elec¬ 
trons,  which  have  been  accelerated  to  energies  in  excess  of  the  ioniza¬ 
tion  energy  by  the  high  electric  field  used  in  this  device,  provides  for 
the  generation  of  new  ions.  In  equilibrium,  the  ion  generation  rate 
equals  the  rate  of  depletion  by  volume  recombination  and  diffusion 
to  the  walls.  In  the  ionosphere,  the  mechanism  is  photoionization  by 
the  short  wavelength  component  of  solar  radiation,  which  is  absorbed 

•  More  approprwtcly,  ion-pair  proUuciion.  The  mosi  common  mecliaiiisiii  is  the 
dislodgemcnl  of  a  free  electron  from  a  neutral  gas  atom,  creating  a  heavy  positive 
ion,  which,  together  with  the  free  election,  forms  the  ion  pair.  In  any  macro- 
scopically  small  plasma  volume  there  will  occur  equal  numbers  of  positive  gas 
ions  and  free  electrons.  Except  in  quite  rare  circumstances,  the  formation  of  heavy 
negative  ions,  e.g..  by  the  attachment  of  a  free  electron  to  a  neutral  gas  atom,  does 
not  occur. 
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ill  tlie  upper  atmosphere  and  which  makes  up  for  recombination  and 
for  the  ions  lost  to  outer  space. 

In  the  case  of  the  electric  arc,  the  ionization  level  is  maintained  by 
the  so-called  "thermal"  ionization  process.  As  a  result  of  the  appreci¬ 
able  electrical  conductivity  of  the  arc  column,  relatively  high  cur¬ 
rents  can  be  made  to  flow,  resulting  in  the  dissipation  of  Joule  (1*R) 
heat  within  the  column.  This  occurs  mainly  by  elastic  collisions  be 
tween  the  currci  irrying  free  electrons  and  the  neutral  gas  atoms  in 
the  column.  Although  the  energy  per  collision  may  be  considerably 
below  the  energy  required  for  ionization  by  impact,  the  gas  can  be 
maintained  at  an  elevated  temperature.  Statistical  considerations  indi¬ 
cate  that  a  fraction  of  the  gas  atoms,  namely  those  coiiipri'ing  the  high 
energy  "tair’  of  the  velocity  distribution,  will  receive  enough  energy 
to  become  ionized  upon  collision. 

In  a  free-burning  arc,  i.e.,  one  subject  only  to  the  influence  of 
natural  convection,  the  depletion  rate  is  relatively  small.  This  is  due 
to  the  fact  that  at  elevated  temperatures  and  normal  pressure  (e.g.,  1 
atm.)  volume  recombination  becomes  less  likely  and  ion  depletion 
occurs  to  a  large  extent  by  the  slower  diffusion  process  plus  gentle 
convection  of  tlie  ambient  atmosphere.  Hence  a  steady-state  situation 
may  be  maintained  with  relative  ease.  However,  this  state  of  affairs 
is  dependent  on  a  rather  delicate  balance  between  the  generation  and 
depletion  of  charge  carriers.  Therefore,  when  the  balance  is  upset 
to  any  significant  degree,  as  for  example  when  the  attempt  is  made 
to  transfer  energy  from  the  arc  to  an  external  fluid,  the  arc  becomes 
unstable.  I'hus  a  free-burning  arc  can  tolerate  the  injection  of 
"foreign"  material  at  a  rate  only  slightly  in  excess  of  the  mild  natural 
convection  of  the  ambient  atmosphere.  It  is  therefore  inherently  in¬ 
effective  as  a  heat  transfer  device. 

An  arc  jet  is  a  device  which  utilizes  the  arc  to  heat  a  continuous 
stream  of  fluid  to  plasma  temperatures.  For  efficient  operation,  a 
major  fraction  of  the  energy  dissipated  within  the  conduction  zone 
must  be  transferred  to  the  working  fluid.  Therefore,  the  central  prob¬ 
lem  in  arc  jet  generation  is  the  stabilization  of  the  arc  against  the 
influence  of  vigorous  forced  convection.  More  specifically,  the  prob¬ 
lem  is  concerned  with  the  maintenance  of  the  requisite  ion  concen¬ 
tration  in  the  arc  column  under  conditions  of  high  depletion  rate. 
This  is  obviously  a  necessary  condition,  but  it  is  not  in  itself  sufficient. 
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It  is  also  necessary  to  maintain  the  geometrical  integrity  of  the  con¬ 
duction  zone  within  certain  wcH-dcfined  limits. 

In  order  to  appreciate  the  significance  of  these  requirements,  let  us 
consider  what  happens  wlien  a  stream  of  gas  is  blown  against  the 
column  of  a  free-burning  arc.  The  first  effect  of  the  convected  gas  is 
to  cool  the  column  by  the  admixture  of  cold  gas.  This  lowers  the 
temperature  and  hence  the  ion  generation  rate.  In  principle,  this  effect 
could  be  compen.sated  for  by  increasing  the  arc  voluge  while  main¬ 
taining  the  current  constant.  The  increased  voltage  gradient  in  the 
column  would  increase  the  average  kinetic  energy  of  the  free  elec¬ 
trons  and  this  added  energy  would  be  transferred  to  the  gas  by  clastic 
collisions,  thus  restoring  the  thermal  ionization  rate  to  the  required 
level. 

A  mote  significant  effect  arises  from  the  fact  that  the  collision 
cross-section  for  monientum  transfer  between  a  neutral  gas  atom  and 
a  positive  ion  is  several  orders  of  magnitude  greater  than  tliat  be¬ 
tween  two  neutrals.  Interactions  between  the  incoming  gas  atoms 
and  the  ions  in  the  column  are  therefore  highly  probable  and  these 
interactions  displace  tlie  ions  in  tlic  direction  of  injected  gas  flow. 
The  free  electrons  arc  dragged  along  with  the  ions  by  ambi-polar 
diffusion  with  the  net  result  that  the  column  is  deformed  by  an 
amount  depending  on  the  momentum  and  flux  density  of  the  in¬ 
jected  atoms.  The  deformation  causes  the  effective  arc  gap  to  increase 
in  length  and  thus  require  a  high  arc  voltage  to  maintain  a  given 
voltage  gradient  in  the  column.  The  column  of  a  free-burning  arc  is 
very  sensitive  to  this  effect  and  drastic  lengthening  of  the  column 
occurs  with  only  moderate  gas  flow  rates.  What  usually  happens  is 
that  the  voltage  needed  to  sustain  the  column  in  its  deformed  posi¬ 
tion  becomes  greater  than  the  maximum  voltage  available  from 
the  power  supply  and  the  arc  goes  out. 

The  above  description  is  perhaps  somewhat  oversimplified  since 
other  factors,  such  as  self-magnetic  field  effects,  enter  into  the  phe¬ 
nomena  involved  in  arc  instability.  However,  it  serve.,  to  delineate 
the  basic  requirements  for  effective  arc  jet  generation.  These  are; 

(1)  Availability  of  a  power  source  which  can  supply  enough  addi¬ 
tional  energy  (in  the  form  of  increased  voltage)  to  replenish 
charge  carriers  at  the  highest  depletion  rate  to  be  sustained. 
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(2)  Immobilization  of  the  conduction  column,  i.e.  maintenance  of 
positional  integrit),  under  the  influence  of  the  most  rapid 
forced  convection  to  be  sustained. 

The  second  of  tlicsc  icquirciiicuts  implies  the  imposition  of  some 
form  of  physical  constraint  on  the  conduction  column  of  the  arc.  In 
other  words,  the  discharge  in  an  arc  jet  generator  cannot  be  allowed  to 
burn  freely.  A  survey  of  the  various  forms  of  arc  jet  devices  develojrcd 
within  the  past  two  decades  indicates  that  these  devices  may  be  con¬ 
veniently  classified  in  terms  of  the  type  of  physical  constraint  used  to 
stabilize  the  arc  against  convective  deformation.  Such  a  classification 
is  shown  in  Table  11.  Four  basic  types  of  constraint  are  represented, 


TABLE  II 

CLASSIFICATION  OK  PLASMA  tiENERATORS 


Typ^  ol  Constraint 

PAyiica/  Form  of  Constraint 

Type  of  Plasma  Generator 

(1)  Thermal 

Waier — Cooled  Channel 

Wall  Siabllized  Arc; 
Conilricied  Arc  Torch 

(2)  Fluid  Mechanical 

Fluid  Vonex 

1 

Vortex— Stabllited  Arc 

(3)  Eleclruniagnetic 

Lorentz  Force  Induced  by 
Magnetic  Field 

Magnetically  Stabilized  Arc 
(Stationary  or  Rotating); 
RF  Induction  Torch 

(4)  Eleciroaiaiic 

E — Field  Due  to  Electron 
Space  Charge  Sheath  in 
Contact  with  Anode. 

High  Intensity  Arc; 

Fluid  Transpiration  Arc. 

namely,  thermal,  fluid  mechanical,  electromagnetic  and  electrostatic. 

Before  the  discussion  of  techniques  it  will  be  instructive  to  dwell 
briefly  on  the  tributary  subject  of  energy  dissipation  within  the  arc 
column.  This  will  help  to  focus  attention  on  specific  problems  and 
generally  illumine  the  subject  of  arc  jet  stabilization. 

Figure  1  contains  a  sketch  of  a  typical  free-burning  arc.  The  arc 
current  is  carried  between  ilie  anode  and  cathode  through  the  dis¬ 
charge  zone  by  means  of  the  charge  carriers,  i.e.,  the  positive  ions  and 
the  free  electrons.  Owing  to  their  small  mats  and  high  mobility  the 
electrons  arc  responsible  for  virtually  all  of  tire  charge  transport.  The 
heavy  positive  ions  are  required  for  charge  neutrality,  at  least  in  the 
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Fioure  I.  Sketch  of  (a)  free-burning  art,  and  (b)  axial  voltage  distiibuiiun 
of  the  discharge  lonc. 


column  proper,  although  they  carry  very  little  of  the  arc  cutreiit. 
Figure  1  also  contains  a  curve  of  Uic  axial  voltage  disirihntion  along 
the  imcr-elcctrodc  gap.  The  voltage  distiibution,  a  directly  measur¬ 
able  quantity,  also  provides  a  picture  of  the  primary  distribution  of 
energy  dissipation  within  die  gap.  This  follows  from  the  fact  that  the 
arc  current  density  docs  not  vary  much  l»etwcen  the  electrodes.  1  he 
volume  rate  of  Joule  heating  is  given  by  n  where  J  is  the  ciirrcnt 
density  and  E  is  the  electric  field.  For  approximately  constant  1  this 
product  is  determined  by  the  IcKal  voltage  gradient. 

From  the  voltage  curve  it  is  observed  that  the  arc  gap  may  be 
divided  into  dirce  regions.  The  principal  region  is  the  column 
proper,  occupying  the  major  portion  of  the  gap  and  charicteiized 
by  constant  cross-sectional  area,  relatively  low  and  uniform  axial 
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(Hitcntial  gradiciK,  and  niacioscopic  ihargc  ncuirality  throughout  iu 
vulinnc.  At  llic  tiiils  of  the  idIuiiiii  arc  two  rcgiuni  joining  the  column 
with  tile  anode  and  cathode  surlacrs,  Known  as  the  "fall  apace"  or 
"sheath"  regions.  They  are  associated  with  charge  transport  across 
the  gas  solid  houiidarics  of  the  discharge,  and  arc  characterized  by  a 
lack  ul  charge  neutrality  and  consequent  high  potential  gradient.  In 
the  ca'hode  fall  space  a  preponderance  of  positive  ions  causes  a  net 
jrositivc  space  charge  while  in  the  anode  sheath  a  negative  space 
chaige  IS  cstabliihcd  due  to  .in  excess  of  free  electrons,  For  the 
present  discussion  the  importance  of  these  regions  is  that,  although 
they  occupy  only  a  very  small  fraction  of  the  arc  gap,  they  account  for 
a  relatively  large  fraction  of  the  total  arc  voltage.  Since  both  fall 
space  regions  arc  in  intimate  cuiitaci  with  the  electrode  luifaces,  we 
mey  consider  (he  energy  dissipated  in  the  fall  spaces  to  be  transferred 
directly  to  the  clccirodci.*  Thus  if  Va  and  Vc  arc  the  anode  and 
cathode  fall  space  voltages,  respectively,  and  J  is  the  magnitude  of 
the  current  density,  then  the  energy  transferred  by  the  discharge  to 
unit  area  of  electrode  surface  is  JVa  for  the  anode  and  JVc  for  the 
cathode.  This  does  not,  however,  represent  the  net  dissipation  on  the 
electrodes,  which  is  influenced  also  by  charge  transport  considera¬ 
tions.  As  mentioned  earlier  the  arc  current  is  carried  chiefly  by  elec¬ 
trons.  This  holds  also  for  the  electrode-gas  interfaces.  At  the  cathode, 
electrona  arc  enuited  to  provide  current  continuity  across  the  surface. 
In  order  to  surmount  the  surface  potential  barrier  the  electrons  must 
possess  a  kinetic  energy  at  least  comparable  to  the  height  of  the 
barrier;  hci.ee,  when  they  leave  die  cathode  they  remove  a  certain 
quantity  of  energy,  thus  effectively  cooling  the  cathode.  This  may  be 
thought  of  as  rc.nuval  of  heat  by  electron  evaporation,  and,  jicr  unit 
surface  area,  amounts  to  where  is  the  work  function  of  the 
cathode  material.  Similarly,  current  continuity  is  riiainiaiueu  by  the 
entry  of  free  electrons  into  the  anode  surface.  These  electrons  release 
energy  upon  traversing  the  anode  surface  potential  barrier,  which 
may  be  considered  as  heat  of  electron  condensation,  and  is  given  by 
per  unit  area,  where  is  the  work  function  of  the  anode 

*  This  it  conilitcnl  with  the  diulpalivr  mcchsniim  which  involve*  the  acceler¬ 
ation  of  chargetl  paiticlei  acrou  the  fall  voliaget.  Owing  to  ihc  short  liiilancev  in¬ 
volved  one  or  two  mean  free  path  lengths)  mow  of  the  energy  gained  in 
ttavrtting  the  fall  space  uelds  is  actually  transferred  to  the  lurfatei  by  direct 
particle  bombardment. 
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nutcrial.  Wc  have  then  «hc  following  g«oM  divitioii  of  primary 
energy  diuipation  within  the  arc: 

At  the  caihtKfc:  J(V£— 

Within  the  column:  JV|, 

At  the  anode: 

Vb  being  the  total  drop  across  the  column. 

Whereas  is  directly  pi(>(>oriiunal  to  the  arc  gap  distance,  V„  V,, 

and  4.  are  independent  of  the  gap  so  that  the  relatisr  aui  )Unl  of 
energy  released  in  the  column,  compared  with  that  transferred  to 
the  electrodes,  depends  on  this  parameter.  Kov  a  typical  laboraton/ 
free  burning  arc  at  1  atm.  pressure,  die  division  of  dissipated  energy 
will  be  approximately  as  follows.  80%  to  the  column,  15%  to  the 
anode  and  5%  to  the  cathotle.  l  liis  represents  the  usnal  toinpiomise 
between  too  shoit  an  arc,  which  ovciloails  the  elccliodcs  and  is  in¬ 
convenient  to  handle,  and  too  lung  an  arc  which  requires  an  t'X|>en- 
sive  high  voltage  power  supply. 

Even  for  relatively  short  aro  (1  or  2  cmi)  most  of  the  energy  ap- 
pean  to  be  dissipated  iii  the  column.  This  is,  therefor?,  the  logic.sl 
zone  fur  itaiisferriiig  the  Joule  heat  to  a  working  fluid. 

One  additional  effect  should  be  mentioned  which  may  signiflrantly 
alter  the  distribution  of  energy  dissipation  from  that  depicted  above 
and  which  may,  under  some  cirtumstances,  influence  the  (lerform- 
ance  of  a  given  arc  jet  generator.  This  is  the  cathode  jet  effect*  which 
occurs  in  all  arcs  for  which  there  is  a  significant  contraction  of  the 
discharge  diameter  in  the  transition  region  of  the  caUiodc  fall  space. 
The  effect  may  be  explained  by  reference  to  Figure  2.  The  arc 
column  near  the  apex  of  a  conical  cathode  is  shown  with  a  marked 
contraction  of  the  column  rross  seciton.  Thi*  configuration  is  typical 
of  the  conical  tungsten  cathodes  used  in  most  plasma  jet  generators. 
Since  there  is  a  sharp  rise  in  current  density  in  the  contraction 
region,  there  will  also  be  a  similar  rise  in  the  flux  density  of  the 
self-magnetic  field  generated  by  the  arc  current.  A  magnetic  field 
having  a  space-variable  flux  density  will  exert  a  body  force  on  a 
conductor  immersed  in  the  field,  whose  magnitude  depends  on  the 
space  rate  of  change  of  flux  density  and  which  is  oriented  in  the 
direction  of  the  maximum  decrease  in  magnetic  field.*  Since  the 

*Thii  ii  identical  to  the  so-called  "magiiellc  uliror"  gconieiry  used  to  cuii- 
ttln  themionuclear  pUniiM. 
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KictiRcS  DiigrRiii  iliuiUatingcathodr  jci  cffcit. 


plasma  in  the  rontraction  zone  is  an  electmal  conductor,  it  will  ex> 
periciUT  a  hotly  forte  which  |>ru[>els  it  along  the  toliimn  axis  away 
from  the  cathode  tip.  'I'hc  motion  of  the  plasma  away  from  the 
cathode  decreases  the  local  pressure  at  the  base  of  the  contraction 
zone,  so  that  the  arc  in  this  region  aspirates  gas  from  the  surround¬ 
ing  atmosphere  to  form  a  continuous  cathode  jet.  I'he  strength  of 
this  jet  depends  chiefly  on  the  total  arc  current  and  the  degree  of 
toluinn  contraction  near  the  cathode.  In  any  case,  the  net  effect  is  to 
aspirate  ambient  gas,  propel  it  along  the  column  where  it  absorbs 
some  of  the  column  energy  and,  if  the  arc  geometry  is  cultinear, 
project  the  heated  gas  against  the  face  of  the  anode.  Under  the  right 
conditions,  therefore,  b  significaRt  fraction  of  the  Ciicigv  oiiginaliy 
dissipated  in  the  column  is  transferred  by  convection  to  the  anode 
due  to  the  cathode  jet  effect.  In  extreme  coks,  as  much  as  75%  of 
the  total  energy  diuipated  in  the  arc  region  may  be  transferred  by 
both  direct  and  convective  processes  to  the  anode,  resulting  in  severe 
thermal  loading  of  the  anode  structure. 


TECHNIQUES  OF  ARC  JET  GENERATION* 

In  this  section  examples  of  die  four  classes  of  31?  jet  devices  listed  in 
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TabJe  11  dcKribed.  The  order  of  prev^ntinion  i,  rhcrio.ncnclo;; 
ital  rather  than  chronologital. 

A-Thirmai. 

Figure  3  i,  a  diagram  of  a  typical  arc  jet  generator  in  which  the 
column  II  jtabiliml  by  mean*  of  a  thermal  ronitr  aim  in  the  for  in  of  a 
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Ficuiir.  S.  Wall  itabililing  arc  jet  generator. 

water-cooled  cylindrical  channel,  The  arc  is  formed  between  ihe  tip 
of  a  tungsten  cathode  and  the  inside  surface  of  the  channel  which 
«rn«  the  anode,  as  well  9,  the  creit  orifice  for  uhc  effluent  iei.  The 
nordc  r,  vigorously  watcr  ccxrlcd  ,0  ,, revert  thermal  damare  to  ihe 
chairtiel  sirrface,  The  working  gas  flows  axially  around  the  cathode 
cmcring  ihc  c  laniicl  codircctionally  with  the  arc  column.  In  ihii 
device  the  cold  wall  of  ihc  channel  iinmobilites  the  cohniiii  on  the 


146  VISTAS  IS  SCIESCE 


axis  of  the  channel,  since  any  lateral  deformation  of  the  discharge 
by  the  gas  flow  causes  the  plasma  to  contact  the  cold  wall  where  it  is 
rapidly  cooled  and  deionized.  The  arc  current  can,  therefore,  no 
longer  flow  in  the  layer  of  gas  adjacent  to  the  wall  and  so  must  remain 
centered  along  the  channel.  For  this  reason  the  arc  jet  devices  em¬ 
ploying  cold-wall  constraints  for  column  immobilization  are  called 
"wall-stabilized  arcs.” 

If  the  channel  is  sufflciently  long,  the  column  will  ultimately 
terminate  on  the  inside  surface  of  the  channel*  at  a  point  downstream 
of  the  entrance,  Tvhosc  location  depends  on  the  gas  flow  rate,  If  the 
concentricity  of  the  cathode  and  anode  nozzle  is  carefully  adjusted, 
the  conduction  column  will  flare  outward,  umbrella-fashion,  to  con¬ 
tact  the  nozzle  in  an  annular  anode  spot.  This  condition  is  essential 
for  reasonable  nozzle  lifetime. 

The  working  gas  flows  ini.ially  in  the  concentric  layer  between  the 
hot  column  and  the  cool  wali.  As  one  proceeds  down  the  channel 
more  and  more  of  the  gas  stream  becomes  heated  to  plasma  tempera¬ 
tures  and  enters  the  conduction  zone.  When  the  column  extends 
across  the  entire  channel  (except  for  a  very  small  film  of  cool  gas  at 
the  boundary)  the  column  is  said  to  be  “fully  developed”  and  virtually 
all  of  the  injected  gas  reaches  plasma  temperatures.  The  stream 
leaves  the  conduction  zone  near  the  nozzle  orifice  from  which  it 
emerges  as  a  high  speed  plasma  jet.  The  jet,  in  addition  to  a  con¬ 
siderable  quantity  of  sensible  heat,  carries  away  a  sizeable  number  of 
ion  pairs,  which  must  be  replenished  in  the  arc  zone.  For  this  reason 
the  arc,  under  these  conditions,  requires  a  much  larger  voltage  than  a 
free  burning  arc  of  the  same  length.  The  power  soui  e  must  be  cap 
able  of  supplying  the  required  voltage  for  this  device  to  operate 
stably. 

It  has  been  found  that  the  axial  temperature  of  the  plasma  jet 
issuing  from  a  wall-stabilized  arc  operating  at  a  given  current  can 
be  increased  by  utilizing  a  channel  orifice  smaller  than  the  diameter 
of  the  corresponding  free-burning  arc  operating  at  the  same  current. 
In  this  situation  the  channel  is  used  to  constrict  the  column,  i.e.,  to 
squeeze  it  into  a  smaller  diameter  than  it  would  normally  occupy, 

*  If  the  gas  flow  is  coo  high  for  the  channel  length  a  situation  can  arise  wherein 
the  conduction  column  extends  clear  uut  oi  the  channel  and  turns  backwards  to 
terminate  on  the  outside  surface  of  the  noule  tip.  This  condition,  known  as  a 
"blown  arc"  is  generally  an  unsatisfactory  mode  of  operation. 
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thus  increasing  the  current  density  and  hence  the  temperature.  For 
this  reason  the  term  "constricted  arc”  is  sometimes  applied  to  this 
device.  Axial  jet  temperatures  for  commonly-used  wall-stabilized 
arcs  are  in  the  range  of  15,000  to  20,000°  K,  although  severe  con¬ 
striction  has  produced  temperatures  in  excess  of  50,000°K. 

B-Fluid-Mechanical 

In  this  type  of  device  the  column  is  stabilized  by  means  of  a  fluid 
vortex,  established  by  the  tangential  injection  of  fluid  near  the  peri¬ 
phery  of  a  cylindrical  vessel  on  whose  axis  the  arc  electrodes  are  posi- 
sioned.  A  schematic  diagram  of  this  type  of  arc  jet  generator  is  shown 
in  Figure  4.  The  arc  is  ignited  between  the  rod  shaped  axial  electrode 


and  the  inside  surface  of  the  channel  comprising  the  exit  port  of  the 
nozzle.  This  configuration  is  similar  to  the  wall-stabilized  arc  except 
that  the  column  is  maintained  almost  entirely  in  the  unconfined 
region  of  the  chamber  instead  of  almost  wholly  within  the  exit 
channel. 

The  rapid  vortex  motion  of  the  injected  gas  imposes  a  fluid 
mechanical  constraint  on  the  arc  column  by  virtue  of  the  outwardly 
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directed  radial  pressure  gradient  cliaracteristic  of  a  fluid  vortex.  This 
means  that  the  gas  pressure  has  its  lowest  value  on  the  axis  of  the 
cylinder.  The  arc  discharge  is  therefore  constrained  to  remain  on  the 
axis  in  accordance  with  Steenbeck's  minimum  energy  principle  for 
gas  discharges.*  In  effect,  this  principle  states  that  a  gas  discharge 
is  most  stable  in  the  configuration  requiring  the  least  energy  for  its 
maintenance.  Since  the  higher  the  pressure  the  more  the  voltage  that 
is  needed  to  sustain  unit  column  length  at  a  given  current,  it  follows 
that  least  energy  and  therefore  maximum  stability  is  obtained  when 
the  column  remains  on  the  vortex  axis.  This  type  of  device  is  ac¬ 
cordingly  known  as  the  "vortex-stabilized"  arc  jet  generator.  For  suf¬ 
ficiently  strong  vortex  motion  the  resistance  to  lateral  deformation  of 
the  column  can  be  made  to  approximate  that  of  a  water  cooled 
channel.  The  column  can  also  be  constricted  by  strong  vortex  motion, 
thus  raising  the  axial  temperature. 

Since  the  vessel  is  pressurized  the  swirling  gas  is  gradually  forced 
into  the  column  as  it  approaches  the  nozzle  and  complete  mixing 
occurs  in  this  region.  The  rotary  motion  is  also  largely  converted  to 
linear  motion*  as  the  gas  passes  through  the  nozzle.  In  addition,  the 
motion  has  the  desired  effect  of  rotating  the  arc  attachment  point 
at  the  nozzle  end  of  the  discharge  which  mitigates  nozzle  wear  to  some 
extent.  Care  must  be  taken  to  avoid  the  "blown  arc"  mode,  men¬ 
tioned  earlier,  which  is  caused  by  too  great  a  gas  flow  rate  and  which 
causes  the  column  to  attach  on  the  outside  surface  of  the  nozzle  (see 
Figure  4),  Electrode  polarity  in  this  device  is  relatively  unimportant. 
I'owever,  the  rod  elecuode  is  usually  made  of  tungsten  while  the 
nozzle  is  copper,  both  electrodes  being  vigorously  water-cooled. 

This  represents  one  of  the  first  types  of  plasma  generator  to  be 
developed,  having  been  mentioned  as  early  as  1908.^ 

C— Electromagnetic 

There  are  various  ways  in  which  an  electromagnetic  constraint  may 
be  imposed  upon  an  arc  in  order  to  stabilize  the  column  against  the 
influence  of  forced  convection.  These  include  both  DC  and  time- 

*  Some  temiiaiu  of  rotary  motion  usually  remains  in  the  effluent  jet  in  this 
type  of  device.  Proper  design  can  reduce  this  to  a  minimum  where  it  might  be 
objectionable,  as  in  wind  tunnel  applications. 


ARC  JETS  149 


} 


variable  discharges  and  involve  both  stationary  and  routing  arcs. 
The  stabilizing  force  in  each  case  is  due  ultimately  to  the  fact  that 
the  plasma  in  the  column,  in  addition  to  being  a  fluid,  is  also  a  good 
electrical  conductor.  Hence  current  Row  in  a  plasma  immersed  in 
a  magnetic  field  will  induce  a  Lorentz  force  on  the  plasma  volume  in 
which  the  current  flows.  When  properly  oriented,  this  force  can  be 
used  to  resist  flow-induced  deformation  of  the  conduction  column. 
When  applied  to  an  arc  jet  generator,  the  device  is  commonly  called 
a  "magnetically  stabilized  arc." 

(1)  Stationary  Arc 

The  simplest  configuration  in  which  an  electromagnetic  constraint 
may  be  used  to  subilize  an  arc  is  depicted  in  Figure  5.  Here  an  arc 
column  is  maintained  in  the  vertical  (Y)  direction,  having  a  current 
density,  J.  The  column  is  immersed  in  a  magnetic  field  orthogonal 
to  the  current  Row  ^.e.,  in  the  horizontal  or  X-direction)  with  a  mag- 
nectic  flux  density,  B.  A  Lorenu  forced x  B,  will  therefore  be  induced 
in  the  column,  which,  in  the  absence  of  an  external  force  will  deform 
the  column  in  the  Z  direction  ^i.e.,  orthogonal  to  both  J  and  B).  In 
fact,  for  a  free-burning  arc  at  1  atm  carrying  100  amps  or  more,  a  field 
of  only  a  few  tens  of  gauss  is  sufficient  to  "blow”  the  arc  out,  i.c.,  ren¬ 
der  iu  operation  in  the  field  unstable.  However,  if  we  assume  that  an 
external  stream  of  gas  is  projected  against  the  o^umn  so  as  to  produce 
a  net  fluid  mechanical  d^ag  force  of  magnitude  F  in  the  — Z  direction, 
ti\en  if  we  adjust  either  B  or^.  or  both,  such  that 

l?i=lJxB| 

both  forces  cancel  and  the  column  will  remain  stationary  on  the 
Y  axis. 

The  configuration  of  Figure  5  is  not  a  very  effective  type  of  arc  jet 
generator  since  mudi  of  the  gas  does  not  penetrate  the  column  but 
is  deflected  around  it.  The  column  is  "stiffened"  by  the  magnetic 
field  and  takes  on  some  of  the  characteristics  of  a  heated  solid  cylinder. 
Also  the  condition  of  stability  under  high  flow  rates  requires  critical 
adjustment  of  the  magnetic  field.  It  does  have  the  virtue  of  providing 
a  convenient  arrangement  for  studying  the  basic  physics  of  the  inter¬ 
action  of  a  cross-flow  with  an  arc  column.* 
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(2)  Rotating  Arc 

The  first  practical  use  of  magnetic  stabiliaation  in  an  arc  jet  device 
involves  the  use  of  a  rotating  arc.  A  typical  configuration  is  sketched 
in  Figure  6.  An  arc  is  struck  between  a  central  electrode  and  the  in¬ 
side  surface  of  a  cylindrical  containing  vessel  with  the  the  usual  water- 
cooled  nozzle  orifice  at  one  end.  The  working  gas  is  introduced  at 
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the  opposite  end  and  flows  axially  across  tlie  arc  zone,  emerging  in  a 
jet  at  the  nozzle  exit.  In  the  absence  of  a  magnetic  held  the  convective 
force  would  blow  the  column  toward  the  nozzle,  and,  for  any  reason¬ 
able  flow  rate,  would  extinguish  the  arc.  A  solenoid,  concentric 
to  the  vessel,  establishes  a  strong  axial  magnetic  field  which  induces 
a  Lorentz  force  on  the  column  in  the  azimuthal  direction.  The  arc 
therefore  rotates  about  the  axis.  If  the  Lorentz  force  is  ntadc  niucJi 
greater  than  the  convective  force,  the  former  dominates  and  the 
column  is  displaced  only  slightly  in  the  direction  of  flow.  In  other 
words,  the  column  is  "stiffened"  against  the  effects  of  cross-flow  as  a 
result  of  the  imposition  of  the  electromagnetic  constraint. 

There  are  two  advantages  of  the  magnetic  rotation  of  the  column. 
As  the  field  strength  is  increased,  the  speed  of  rotation  increases,  and 
at  sufficiently  high  rotational  speeds  the  column  will  merge  azimuth- 
ally  into  a  pin-wheci  shape  enclosing  the  entire  cross-sectional  aper¬ 
ture  of  the  vessel.  This  insures  that  all  of  the  injected  gas  will  be 
maximally  heated  by  the  column.  (At  lower  speeds  it  is  obvious  that 
some  of  the  gas  will  traverse  the  device  without  coming  into  intimate 
contact  with  the  column,)  The  second  advantage  is  the  fact  that  both 
electrode  attachment  points  move  rapidly  on  the  respective  electrode 
surfaces.  Thus,  the  heat  dissipated  in  the  fall  spaces,  which  is  es¬ 
sentially  all  transferred  to  the  electrodes,  is  spread  over  a  much  larger 
surface  area  than  if  the  arc  were  stationary.  This  increases  the  thermal 
loading  capability  of  the  electrodes  and  reduces  electrode  wear,  which 
is  of  considerable  importance  at  high  power  levels. 

(3)  RF  Induction  Torch 

One  of  the  more  recently  developed  arc  jet  generators  is  the  Radio 
Frequency  induction  torch.*  This  device,  which  has  demonstrated 
interesting  properties  for  many  applications,  is  based  on  the  coupling 
of  high  frequency  alternating  electromagnetic  energy  into  a  gas 
stream.  Referring  to  Figure  7,  we  observe  that  the  gas  is  introduced 
into  a  confining  cylinder,  usually  of  quartz  or  similar  refractory  in¬ 
sulating  material,  which  is  situated  inside  a  coil  designed  to  carry 
appreciable  RF  currents.  The  coll  generally  consists  of  a  relatively 
few  turns  of  heavy  copper  tubing  and  is  water-cooled  during  opera¬ 
tion.  It  is  energized  by  a  high  power  RF  generator  similar  to  those 
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Ficurk  7.  RF  induction  torch. 

used  in  ladio  transmitters.  Frequency  of  operation  is  no:  critical  and 
is  chosen  in  a  given  apparatus  for  optimum  coupling.  It  generally 
lies  in  the  range  of  4  to  20  MHz.  A  movable  conductive  rod,  usually 
carbon,  is  used  to  ignite  the  RF  arc,  once  the  RF  power  is  turned  on. 
The  starting  rod  is  lowered  into  the  coil  region  where  it  is  heated  by 
induction.  This  heats  the  gas  into  the  immediate  vicinity  of  the  rod. 
Since  the  breakdown  potential  of  a  gas  decreases  with  increasing 
temperature,  a  point  will  be  reached  at  which  the  hot  gas  surround¬ 
ing  the  starting  rod  will  become  ionized  by  the  RF  electric  field  in- 
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durcd  by  (lie  toil.  An  electrical  discharge  wiil  therefore  become  estab¬ 
lished  in  this  region  in  (he  form  of  a  local  eddy  current  sheet.  This 
will  dissipate  more  energy  in  the  gas,  thus  heating  neighboring  layers 
to  ioni/iiig  tenijrcratines  and  enlarging  the  (undnetion  zone.  I'his 
process  will  continue  until  the  eddy  current  sheet  reaches  its  max¬ 
imum  size  dictated  by  the  size  of  the  coil.  The  starting  rod  is  then 
withdrawn  from  the  coil. 

Since  the  induced  eddy  currents  can  flow  only  within  the  volume 
enclosed  by  the  coil  it  follows  that  the  RK  arc  cannot  be  displaced 
by  the  flowing  gas.  It  is  therefore  obvious  that  this  device  is  stabilized 
by  means  of  an  electromagnetic  constraint.  While  it  is  true  *h;''  ion 
pairs  are  rapidly  convccted  out  of  the  arc  zone  by  'he  gas  stream,  die 
zone  of  primary  dissipation  of  electrical  energy,  i.e.,  the  zone  of  ion 
gcneiation,  is  constrained  to  fixed  position  svitliin  the  roil,  this 
being  the  zone  of  maximum  coupling.  The  eddy  current  sheet  may  be 
viewed  as  a  one-turn  secondary  of  a  transformer  of  which  the  coil  com¬ 
prises  the  primary  winding  and  to  which  it  is  constrained  to  remain 
in  a  fixed  spatial  relationship. 

The  basic  rcquiicmcin  for  sustained  operation  of  litis  device  is 
that  the  power  fed  to  (he  coil  be  sufAciciit  to  generate  new  ions  at  a 
rate  commensurate  with  that  at  which  they  arc  lost  to  the  effluent  jet. 
In  other  words  (as  in  all  other  arc  jets)  the  power  input  must  be  ad¬ 
justed  to  (he  gas  flow  rate.  It  is  significant  that  the  problem  of  elec¬ 
trode  erosion,  which  is  often  a  vexing  problem  in  most  other  arc  jet 
types,  does  not  exist  in  this  device. 


D-Electrostatic 

(1)  The  High  Intensity  Arc 

Arc  jet  generators  stabilized  by  an  electrostatic  constraint  are  based 
on  the  intciactioii  of  the  gas  stream  with  the  space  charge  sheath  in 
the  anode  fall  sjiacc  of  the  arc  (see  Figure  1).  The  prototype  of  this 
type  of  arc  jet  is  the  high  intensity  arc  discovered  in  1910*.  This  type 
of  discharge  is  similar  in  configuration  to  the  ordinary  carbon  arc 
(or  "low  intensity"  arc)  except  that  the  current  density  of  the  anode- 
column  boundary  is  much  higher,  and  the  two  electrodes  arc  usually 
maintained  at  a  mutual  angle  less  than  180°.  When  an  arc  is  struck 
between  refractory  electrodes  such  as  carbon,  then  at  low  current  den- 
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silicj  tlic  Iicat  ab»«rl)cil  by  (he  anode*  ran  Ik*  dissijtated,  by  conduc¬ 
tion  along  the  anode  and  radiation  from  its  face,  without  catising  the 
r<|uilil)iiuni  face  tcin|R’ialuic  to  reach  tlic  inciting  (or  sublimation) 
point  of  the  anorfc  material.  I  his  is  the  rase  for  the  Itrw  intensity  arc 
moric  of  o{x;ration.  If,  however,  the  current  density  is  increased  suffi¬ 
ciently,  a  |>oint  will  be  reached  where  the  energy  absorbed  is  greater 
than  can  be  dissipated  by  rondiirtion  and  radiation.  The  anode  fact; 
icnijxrature  will  therefore  rise.  If  the  net  heat  absorbed  reaches  a 
value  great  enough  to  raise  the  ctpiilibrinin  anode  face  temperature 
to  its  boiling  (sublimation)  |H)int  ami  also  to  stijiply  the  requisite 
latent  heat  for  jibase  change,  the  atimic  will  cinit  a  stream  of  va|M)r 
froin  its  b-tcc  into  the  aic  discharge.  I  his  stream  of  vapor  must  rust 
traverse  the  anode  fall  spare  region,  which  is  contiguous  to  the  cur¬ 
rent -receiving  surface  and  normally  extends  for  a  few  electron  mean 
free  path  lengths  into  the  rolunm.  Although  the  details  of  the  interac¬ 
tion*®-  "  between  the  vapor  stream  and  the  spate  charge  slieath  have 
not  as  yet  been  completely  worked  out,  there  is  little  doubt  that  this 
interaction  is  reqxmsible  for  the  shift  to  the  high  intensity  arc  mode. 

The  flux  of  va|)<)r  from  the  ancKle  in  the  high  intensity  arc  imjwscs 
a  strong  convective  force  on  the  column,  which  would  be  expected  to 
deplete  the  column  of  ion  pairs  quite  rapidly  if  an  equivalent  stream 
were  introduced  throtigh  any  other  boundary  than  the  aitodc  fall 
space.  In  the  fall  space,  the  layer  of  gas  adjacent  to  the  electrode  is 
cooled  by  conduction  Lelow  the  tempetature  required  for  thermal 
ionization.  Also  the  anode  va{>or,  even  at  the  sublimation  tempera¬ 
ture  of  carbon  (4500°K)  is  essentially  un  ionized.  However,  because 
of  the  excess  of  free  electrons  (negative  sjracc  charge)  in  this  layer  a 
high  voltage  gradient  is  established  across  it  in  accordance  with  the 
we!!  known  laws  of  cletirusiaiin.  in  a  typical  arc  this  may  be  as  high 
as  5000  volts  per  cm.  Hence,  although  the  high  electric  field  extends 
for  only  a  fraction  of  a  millimeter,  the  va|)or  atoms  traversing  the 
layer  will  have  a  higher  probability  of  colliding  with  energetic  elec¬ 
trons  than  in  the  column.  Despite  the  lower  temperature,  therefore,  a 
much  larger  fraction  of  electron  utum  collisions  will  be  characterized 
by  energies  exceeding  (he  ionization  energy  than  is  the  case  in  the 
column.  The  net  result  is  that  an  appreciable  number  of  the  vapor 

*  Ai  diKusKtJ  cirlicr,  (he  heal  (ranstrrrcd  (o  (he  anode  ii  at  lean  Kveral  (imei 
lha(  absorbed  by  (he  calhode.  Hence  (he  energy  balance  a(  (he  caihode  docs  no( 
m(er  into  the  esiablishmeni  of  (he  high  intensliy  effect. 
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aioiiii  aic  iuin>cd  by  dirccl  clcctruii  ini|>a«(  H'hilc  ir.ivrriing  (lie 
ihcativ  ^r/orr  ciKciiiig  the  <(>liiiiiit  ihojk'I.  i>l  iuii- 

i/atiuii  is  known  as  “lichl  ioni/atiun"  anil,  by  int'-ioni/ing  the  vapor 
Krrain,  antoiiiaticaliy  stal.nli/is  the  discharge  against  lunveLtive  ion 
loss. 

The  ionized  vajMir  flux,  n|M)n  entering  the  ruhinin,  becomes  sniKT- 
healed  within  a  few  inillinieieis  uf  the  snrfacc  and  exits  from  the 
sides  of  the  column  as  a  long  phnne  of  hut  va|>ui'  plasma  known  as  the 
"anode  tail  flame."  Adonling  to  one  view'*  the  snpei  heating  of  the 
vajHJr  in  the  anode  end  of  tlie  column  is  due  to  the  acieleialion  of 
jsositive  ions  in  the  fall  s|i.ne  svhcie  the  high  potential  gi.nlicnt  im¬ 
parts  to  them  kinetic  eticrgy  in  excess  of  the  average  thennal  kinciii 
energy.  I  his  directed  kinctii  eiieigy  heroines  landomind  l>y  sinics- 
sivc  collisions  and  (hits  estahlishes  a  local  stcc]>  lisc  in  iem|>eraluie 
near  the  origin  of  the  va{>oi- jet. 

Since  the  anode  in  the  high  intensity  arc  is  vapuiized  it  is  con¬ 
tinuously  consumed.  Steady  state  o(>c,-ation,  therefore,  requires  that 
the  anode  be  continuously  pushed  foiward  to  maintain  a  constant 
arc  gap.  l  liis  is  aciuinplished  by  a  suitable  feed  mechanism  svhich 
pushes  the  anode  forward  at  exactly  the  rate  at  svhich  it  is  eonsnmed. 
Electrical  contact  to  the  anode  is  made  by  means  uf  sliding  brush 
contacts. 

The  flow  of  vapor  in  sigiiiflcant  amounts*  through  the  dischaige 
radically  alters  the  electrical  characteristics  of  ttic  arc.  For  example, 
the  terminal  (volt-ampere)  curve,  which  for  the  low  intensity  ate 
always  demonslraics  a  negative  »lo{>c,  heiuls  upward  le  assume  a 
positive  sha{>c  soon  after  the  vapor  Row  is  initiated.  Fhis  eflcct  is  due 
to  the  interaction  of  the  va}H>r  stream  atid  the  fice  electrons  carrying 
the  arc  current,  which  causes  an  increase  in  the  {Ksicntial  gradient  in 
and  near  the  anode  sheath.  This  apfKars  to  the  external  circuit  as  n 
positive  resistance  com{Kmeiit  of  the  arc  which  more  than  compen¬ 
sates  for  the  normal  negative  resistance  cliaracterisiic  of  (he  arc 
column.  A  net  positive  resistance  is  iheieforc  established  across  the 
arc  terminals  causing  the  sluite  of  the  volt  ain|>cic  curve  to  bend 
upwards. 

The  iKiiciUial  distribution  across  (he  arc  gap  is  also  considerably 
altered.  A  typical  disliibiition  for  a  high  intensity  arc'^  is  shown  in 

*  i.e.,  in  amuuiili  luch  ihal  ilic  vapor  panicle  Dux  tlriiut)-  leaving  'he  anode 
approxiiuatei  the  elcclron  number  drniJiy  enieriiig  the  anode. 
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Figure  8.  (lotiipating  tfiis  willi  Figure  1,  v,v  iinle  iliai  the  anorlc  fall 
s|):i(  c  ii  nilaigrd  and  (  <>iiruiur>  a  niajui  fiaelioii  of  (he  tutal  are 
voltage.  Mult  of  this  drop  uecurs  in  what  may  be  termed  the  "(rami' 
(ion  regioir"  bctrveeii  tin  spare  eharge  sheath  aiul  the  rulumir  pi(i|>c(. 
‘I'his  is  (he  regiotr  where  (he  va|Kir  fiurti  (he  ainxlc  is  iii|tei heated 
prior  to  breaking  oiu  of  (he  euhtmtr  to  (uritt  the  plastrra  tail  flame. 
As  inuih  as  two  thirds  or  iitutc  of  the  tutal  input  energy  is  theicfoic 
transferred  to  the  anorle  atrd  to  tne  vapor  arising  theieftrxn.  The 
high  intensity  are  is  therefore  an  cifertive  ate  jet  generator  difleiing 
froin  other  (yjies  mainly  in  the  eum|H).si(ioit  o'  the  plasma  jet. 

{'?)  Fluid  I  ranspiratiutr  Are 

Althutigh  the  high  intensity  arc  is  finding  iiu teasing  ap|di(a(ion, 
particularly  in  the  field  of  high  tcm|>er:iinic  rheinistry,  (here  are 
ntatiy  other  uses  foi  which  a  plasma  jet  ol  reft .n tot y  va|K»r  is  objec¬ 
tionable.  't  he  question  therefoic  arises  whcthci  an  arc  jet  generator 
niiglrt  nut  be  constructed  based  on  the  same  principle,  but  in  which 
an  external  gas  is  substituted  for  the  va|ror  of  the  aiicxic,  and  the 
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nutciial  of  ilic  .iiioilc  is  nut  (oiuiiiiicil.  I'tiis  lc<l  lo  ihr  toiucpt 
of  thr  io  iultcd  ‘'flnid  iidiispii jiion  air,"‘‘  the  must  n'tently  cfrvcl- 
opctl  ty|K:  of  iiK  jrt  kciu-iaIoi.  I  .ike  itie  liigli  iiiicnsity  ;iic,  it  is  stal)il- 
i/cil  liy  (aiising  tiu’  woiking  to  pass  lhruii){li  ilic  ijiau’  duigc 
shcatli  at  the  anustc  itiifaco  wticic  it  is  pirioiii<c<l  iiiftii  icnily  to  rom- 
|>cnsatc  for  siihscipicnt  lonvcdivo  deplrtioii  uf  iun  p.iiis  fioiit  (he 
roiiJtutioii  (oldiiin.  I'liis  is  nrr<nuplislicd  l>y  using  a  puious  anmlc 
ihrough  whidi  (lie  gas  tianspiics  aiut  cinciges  into  thr  anode  sheath. 
Since  (he  s[><i(c'  diaigc  sln  inh  is  (onstiaincd  by  the  laws  of  gas  dis¬ 
charge  physi<  .s  to  fui  in  only  at  the  <  tnient-ieiciving  snrfaie,  and  since 
(he  high  cici  (I  i(  held  in  (his  legion  pieioni/es  the  gas  liefoic  it  ciitcis 
the  coltnnn,  it  follows  that  in  (his  device,  as  in  the  high  intensity  arc, 
the  are  is  stahilired  against  convective  force  by  an  electrostatic 
constraint. 

A  diagram  uf  a  rudiinriitai-y  form  of  (his  device  is  shown  in  Figure 
j.  The  anode  must  be  fabricated  of  a  snitabfy  refractory  porous  elec- 


FtcuRE  9.  Fluid  irampiration  are. 

(rical  conductor  generally  mounted  in  a  rap|>cr  holder  which  is  water- 
cooled  to  retain  siructuial  integrity  during  long  term  operation. 
Porous  graphite  has  been  used  successfully,  but  a  more  satisfactory 
anode  consists  uf  sintered  tungsten  |>oss'der,  which  has  been  hot- 
pressed  to  the  right  degree  of  jxirosity.  The  tungsten  anodes  are  then 
conveniently  slirimk-fit  into  a  cop|K'r  anode  holder.  A  conventional 
catluHlc  is  used,  but,  as  noted  in  F'iguie  9,  the  cuiiicul  cathode  tip  is 
provided  wiili  a  noz/lc  for  inttudiicing  some  slight  additional  gas 
into  the  column  at  the  cathode  end.  I  his  is  minor  compared  with  the 
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g.i‘  introduced  through  ilie  anode,  but  has  a  number  of  beneficial 
effects.*'*  For  example,  it  provides  some  gas  cooling  of  the  cathode; 
also,  when  operating  with  a  particular  gas  such  as  argon,  in  the  open 
air,  it  inhibits  oxidation  of  the  cathode  surface  and  substitutes  argon 
for  atmospheric  components  as  tltc  gas  aspirated  into  the  column  by 
the  cathode  jet  effect. 

A  photograph  of  the  fluid  transpiration  arc  operating  in  the  con¬ 
figuration  of  Figure  9  is  shown  in  Figure  10.  This  arc  was  run  in  the 


Figure  10.  Photograph  of  fluid  transpiration  arc. 


open  atmosphere  with  argon  injected  at  both  anode  and  cathode,  in 
the  respective  amounts  of  50  gm  per  min  through  the  anode  and  G 
gm  per  min  around  the  cathode.  The  anode  face  was  approximately 
1.5  cm2  aj,(j  (he  arc  current  and  voltage  200  amps  and  40  volts,  re- 
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m  Figure  1 1.  The  porous  anode  in  this  unit  is  in  the  shape  of  a  trun- 
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earlier.  prevalence  of  ihe  field  lonwaiion  mechaninn  deKribed 
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a  single  well-defined  plasma  jet.  It  is  interesting  to  note  that  most  of 
the  converging  gas  flow  remains  within  the  column  despite  the  ab¬ 
sence  of  a  confining  nozzle  wall,  and  emerges  in  the  main  jet  on  the 
axis.  This  is  evident  in  the  photograph  of  Figure  12  which  depicts 


FtccRE  12.  Photograph  of  plasma  jet  generated  by  conical  fluid  transpiration 
arc. 

a  conical  fluid  transpiration  arc  operating  with  argon  gas  at  1  atm  and 
25  kw  power  input.  This  apparent  confinement  of  the  gas  flow  within 
the  column  is  probably  a  result  of  "collision  coupling”  between  the 
convected  nuetral  atoms  and  the  ion  drift  current,  which  is  con¬ 
strained  by  the  electric  field  of  the  arc  to  remain  within  a  well  defined 
boundary. 

ARC  JET  CHARACTERISTICS 

As  is  usually  the  case  when  more  than  one  type  of  device  has  been 
developed  to  perform  a  given  function,  none  of  the  above  four  classes 
of  arc  jet  generators  can  be  singled  out  as  being  markedly  superior  to 
the  others  in  all  possible  applications.  Selection  of  a  particular  type 
is  best  made  after  the  functional  requirements  have  been  specified. 
Often  some  advantage  is  gained  by  using  a  hybrid  generator  employ¬ 
ing  more  than  one  type  of  stabilization,  particularly  at  high  power 
levels.  Nevertheless,  a  general  comparison  of  the  important  features 
of  each  type  of  generator  is  necessary  for  an  appreciation  of  the  utility 
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of  these  devices  in  the  manifold  applications  to  which  they  have  been, 
and  will  continue  to  be,  used. 

No  exact  comparison  among  arc  plasma  generators  with  respect  to 
a  particular  feature  can  be  made  since  the  performance  of  a  given 
generator  will  vary  with  design,  power  level,  ambient  pressure  and 
other  operating  conditions.  However,  a  set  of  performance  parameters 
has  been  selected  with  the  aid  of  which  generalized  comparisons  may 
be  made  and  which  indicate  performance  trends  under  commonly 
encountered  conditions  for  the  several  classes  of  arc  jet  devices.  These 
parameters  arc  listed  in  Table  III. 

TABLE  III 

PERFORMANCE  PARAMETERS  FOR  PLASMA  GENERATORS 
EFFICIENCY  —  TOTAL  JET  ENTHALPY/INPUT  POWER 
MAX.  ENTHALPY  (h^„)  —  Btu/Ib.  ac  EXIT  NOZZLE 
DIMENSIONLESS  MAX.  ENTHALPY  —  (h^^/RT^) 

OPERATING  LIFETIME  —  ELECTRODE  EROSION  RATE 
JET  CONTAMINATION  —  PPM  OF  CONTAMINANl  IN  JET 

The  first  of  these  parameters,  cfficienq',  is  of  obvious  importance 
since  the  arc  jet  is  a  device  for  converting  one  form  of  energy  to 
another  and  it  is  of  interest  to  the  user  to  minimize  the  amount  of 
energy  lost  in  the  process.  For  most  applications*  the  total  enthalpy 
of  the  effluent  jet  is  the  desired  form  of  output  energy.  Hence  the 
efficiency  of  an  arc  jet  device  may  be  defined  as  the  ratio  of  total  jet 
enthalpy  to  the  electrical  power  input. 

The  second  parameter  is  the  maximum  enthalpy  (h„,,)  which  the 
device  is  capable  of  imparting  to  the  jet  and  is  measured  as  tire  Btu 
content  per  lb.  of  gas  at  the  orifice  of  the  exit  nozzle  (or  base  of  the 
effluent  jet  where  no  nozzle  exists).  This  is  not  unrelated  to  efficiency 
and  usually  increases  when  a  particular  device  is  operated  at  reduced 
efficiency.  It  does,  however,  reflect  to  some  degree  the  quality  of  the 
instrument  design. 

Since  hat*  varies  with  the  molecular  weight  of  the  working  gas, 

*  Plasma  generators  are  currently  under  development  as  high  power  light 
sources.  For  this  application  effluent  jet  enthalpy  is  wasted  energy  and  the  effi¬ 
ciency  must  be  redefined  as  the  ratio  of  total  radiated  power  to  electrical  power 
input. 
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it  ill  also  sometimes  desirable  to  make  comparisons  on  the  basis  of  the 
dimensionless  enthalpy,  h„„/RTo,  where  R  is  the  universal  gas  con¬ 
stant  and  To  is  a  convenient  reference  temperature  (generally  taken 
as  273°  K.) 

The  remaining  parameters,  operating  lifetime  and  jet  contamina¬ 
tion,  are  obviously  qualitative  in  nature,  although  they  can  be  mea¬ 
sured  in  terms  of  hours  and  parts  per  million  of  contaminant  in  the 
jet,  respectively.  They  are  both  strongly  dependent  on  operating  con¬ 
ditions  which  are  often  adjusted  to  meet  the  requirements  of  partic¬ 
ular  applications  with  respect  to  each  parameter.  Obviously,  both 
operating  lifetime  and  contamination  have  no  significance  for  the 
consumable  anode  high  intensity  arc,  and  the  major  limitations  on 
operating  lifetime  for  all  other  devices,  namely,  the  electrode  erosion, 
is  not  applicable  to  the  R.F.  induction  torch. 

Table  IV  lists  the  efficiency  ranges  within  which  the  various  in- 

TABLE  IV 

COMPARISON  OF  PLASMA  GENERATOR  EFFICIENCIES 
(~  1  ATM  ARC  CHAMBER  PRESSURE) 

TYPE  OF  CENER4TOR  EFFICIENCY  RANGE 

WALL  •  STABILIZED  ARC  50  -  75% 

VORTEX  -  STABILIZED  ARC  <0  -  65% 

MAGNETICALLY  •  STABIUZED 

ARC  (ROTATING)  15  - «% 

RF  INDUCTION  TORCH  25  -  40% 

FLUID  TRANSPIRATION  ARC  80  -  95% 

dicated  arc  jet  generators  operate  in  practice.  As  a  general  rule,  when 
long  operating  lifetimes  are  required,  i.c.,  hundreds  of  hours,  the  best 
efficiencies  obtainable  with  each  device  lie  near  the  lower  end  of  the 
ranges  given  in  Table  IV.  Conversely,  when  the  use  is  such  that  only 
a  few  hours  of  operation  (before  a  maintenance  shut-down)  is  accept¬ 
able,  the  efficiencies  can  be  pushed  toward  the  upper  end  of  the 
range.  In  almost  every  device  the  major  loss  in  efficiency  results  from 
the  necessity  for  water  cooling  of  the  nozzle  or  chamber  as  the  only 
means  of  avoiding  thermal  destruction  of  the  device  under  operating 
conditions.  In  the  wall  stabilized  arc  the  confining  water-cooled 
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channel  ib  smaller  for  a  given  gas  flow  rate,  than,  for  exanijrlc,  either 
the  vortex  or  niagnctically-stabilized  arcs.  In  both  of  the  latter,  and 
jrarticularly  in  the  magnetically-stabilized  device  a  large  arc  rhamoer 
is  essential  to  provide  the  required  stabilizing  force.  Therefore,  in 
addition  to  the  heat  losses  in  the  water-cooled  nuzzle,  further  losses 
in  the  arc  chamber  are  sufTcred  due  to  radiation  and  conduction  to 
the  walls.  Hence  a  higher  fraction  of  the  input  power  is  lost  with  a 
consequent  reduction  in  efficiency. 

In  the  RF  induction  torch  the  efficiency  of  energy  transfer  from 
the  high  frequency  field  to  the  gas  is  tjuite  high.  The  relatively  low 
overall  efficiency  for  tliis  device  arises  from  the  losses  encountered  in 
generating  RF  power  from  electrical  input  at  |KJwer  line  frequency. 
The  high  efficieiu  y  of  the  fluid  transpiration  arc  arises  from  the 
absence  of  chamber  or  confining  walls  and  from  the  fact  that  energy 
dissipated  at  the  anode  is  regeneratively  fed  back  to  the  plasma  via 
transpiration  cooling  of  the  anode  by  the  iitjected  gas  on  its  way 
through  the  {)orou$  anode. 

The  influence  of  the  working  gas  on  the  maximum  enthalpy  is 
illustrated  in  Table  V  for  the  wall-stabilized  arc.  Although  a  con- 


TABl.E  V 

MAX  ENTHALPY  OF  WALL-STABILIZED  ARC  IN  VARIOUS  GASES* 
(1-5  ATM  ARC  CHAMBER  PRESSURE) 


GAS 

MOL.  WT. 

{Btu/lb) 

^max 

(Biullb) 

H, 

2 

m 

HO.OOC 

290 

He 

4 

214 

70, IKK) 

290 

N, 

28 

34.8 

15,000 

430 

A 

40 

24.4 

8,000 

330 

•  Taken  (rom  reference  5. 

siderablc  variation  is  observed  in  h„,„,  among  the  four  gases  listed,  the 
corresponding  values  for  the  dimensionless  maximum  enthalpy, 
h„,,/RT„,  are  roughly  of  the  same  order.  1  his  leads  to  the  approxi¬ 
mate  gcneraliz.iiion  that,  other  tilings  being  equal,  the  amount  of 
energy  delivered  by  an  arc  jet  generator  to  each  particle  of  the  woik- 
inggas  is  roughly  the  same  for  all  gases. 

Since  the  total  energy  content  is  different  for  different  gases  at  the 
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SRiiU’  tem|>eiaturc,  it  follows  that  plasma  jet  temperatures  from  a 
particular  device  operating  with  a  given  jet  enthalpy  will  depend  on 
the  gas.  For  example,  diatomic  gases,  such  as  nitrogen  and  hydrogen, 
require  more  energy  to  reach  a  given  plasma  temperature  than  mon- 
atomie  gases  like  argon  and  helium,  owing  to  the  energy  absorbed  in 
molecular  dissociation.  Also  different  gases  require  varying  amounts 
of  energy  for  the  ionization  process,  so  that  for  a  particular  gas  the 
maximum  jet  temjrerature  that  can  be  reached  is  largely  dependent 
on  the  maximum  effluent  jet  enthalpy. 

Botli  maximum  enthalpy  and  efficiency  are  stixmgly  influenced  by 
pressure.  The  curves  in  Figure  13,  illustrating  this  dependency,  were 
compiled  from  average  oprerating  data  for  w’all,  vortex,  and  rotating 
magnetically-stabilized  arcs.  As  noted,  enthalpy  and  efficiency  decrease 


Figure  13.  Maximum  enthalpy  and  efficiency  vs.  pressure  for  typical  arc  jet 
generators. 
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with  increasing  ambient  pressure.  The  major  reason  for  this  effect 
is  the  fact  that  the  ratio  of  the  aiuouiu  of  energy  radiatci)  from  the 
hut  gas  in  the  arc  chamber  to  the  amount  whirli  leaves  tlie  cliamlrci  as 
sensible  heat  increases  with  increasing  pressure.  At  high  pressuies,  e.g., 
near  100  atm,  radiation  accounts  fur  a  major  fraction  of  the  electrical 
energy  delivered  to  the  gas.  The  radiant  energy  is  ahsortxd  by  the 
an-  chamber  walls  and  elcctrcKles,  and  must  be  removed  by  walcr- 
cooling.  Hence  less  energy  leaves  the  chamber  as  jet  cntlialpy  and  the 
efficiency  is  lowered.  Thus  there  exists  what  might  be  termed  a  "radia¬ 
tion  barrier"  to  the  efficient  operation  of  arc  jet  devices  at  very  hitjh 
pressures.* 


APPLICATIONS  OF  ARC  JET  DEVICES'* 

The  single  most  valuable  feature  of  arc  jet  devices  for  purjwses  of 
application  is  the  capability  of  heating  materials  in  a  continuous 
stream  to  ultra  high  temperatures.  The  historic  use  of  the  low  inten¬ 
sity  electiic  arc  to  heat  materials  was  limited  by  stability  considera¬ 
tions  to  the  role  of  a  [mint  source  of  heat,  as  in  the  submerged  arc 
furnace,  wherein  the  maxim. im  temperature  achievable  in  the  ma¬ 
terial  itself  was  necessarily  below  the  teinperatnre  of  ilic  arc  and  i  ai  cly 
exceeded  3000°  K.  With  die  advent  of  the  arc  jet  devices  described 
above,  the  peak  temperatures  of  practically  achievable  hyperihonnal 
environments  were  increased  by  an  order  of  magnitude,  and  the  rates 
of  material  through-put  in  and  out  of  these  cnviionmcnts  were 
similarly  advanced.  It  is  therefore  easy  to  appreciate  that  a  vast  new 
frontier  has  been  established  in  both  science  and  technology. 

A  compilation  of  the  various  groups  of  applications  of  arc  jet  tech¬ 
nology  is  shown  in  Figure  H.  The  grouping  is  arbitrary  and  die  ex¬ 
amples  listed  arc  by  no  means  comprehensive.  It  does,  however,  pre¬ 
sent  some  of  the  more  important  areas  in  which  arc  jet  devices  are 
already  advantageously  being  used  or  are  under  serious  development. 
Lack  of  space  pr<  eludes  the  discussion  of  all,  or  even  the  major  part, 
of  the  examples  shown.  In  the  following  a  few  selected  applications 
are  briefly  described  chiefly  to  illustrate  the  breadth  of  applicability 
of  arc  jet  devices. 

*  By  the  ume  token,  the  eRidcncy-  of  planus  light  sources  increases  with  in¬ 
creasing  prciiure. 
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applications  op  plasma  TiCHNOLOty 


Figure  H.  Ajiplicaiionsof  arc  jet  tcctiiiulug>. 


A.  Wind  Tunnels 

The  need  for  upgrading  the  performance  of  wind  tunnels  to  pro¬ 
vide  test  facilities  for  hypcisonic  and  reentry  vehicles  stimulated  the 
early  development  of  a  high  jiower  arc  jet  heater. 

I'heie  are  several  parameters  which  arc  used  to  assess  tunnel  per¬ 
formance,  depending  on  the  diagnostic  function  under  consideration. 


TABLE  VI* 

FLIGHT  STAGNATION  ENTHALPIES  FOR  VARIOUS  REENTRY  VEHICLES 


VEHICLE  CLASS 

FLIGHT  SPEED 

SI  AGNATION  ENTHALPY 

in  linn  Rfn/IK 

SATELLITE - 

2.5,000  Ic./»ec. - 

I2A0O  Blil/lb. 

LUNAR  PROBE - 

3.5,000  fl./iec. - 

25,000  fliu/lb. 

MARS  PROBE - 

•15,000  fl,/»ec, - 

1 10,000  Btu/lb. 

TikCQ  fium  rcicrcnce  IS. 


ARC  JUTS  107 


I'hc  iiiu5t  iinpurlant  single  paiaiiictcr  for  iiuxlcin  aciosparc  diag¬ 
nostics  is  the  iiiaxiimini  cnthaljiy  content  of  tlic  gas  leaving  the  ( ham- 
bcr.  This  imist  lx;  suiiiewhat  gicatci  than  the  inaxiimiin  llight  stag¬ 
nation  enthalpy  ilcvcioped  by  the  vehicle  whose  flight  is  being  sim- 
nlatcd.  I'able  VI  lists  the  characteristic  stagnation  enthalpies  fur  four 
classes  of  hyjxrrsonic  vehicles,  It  is  evident  that  for  such  vehicles  an 
idira-high  tcmixrdiurc  heating  device  is  indicated.  In  addition  to 
ac  hieving  high  ehantber  enthalpy,  simulation  of  the  llight  Mach  ninn- 
bcr  is  also  desired,  as  well  as  low  jet  containinalion  (e.g.  1000  PPM) 
and  an  operating  lifetime  of  at  least  K'veial  hours. 

Until  now,  no  heater  has  been  develo|)ed  which  provides  complete 
simulation  for  all  classes  of  vehicles  under  considciatiun.  However, 
the  closest  approach  to  the  ideal  test  condi'.  ions  is  provided  by  an 
arc  jet  heater*®  of  the  type  sketched  in  Figure  15.  This  consists  of 


Ficuki:  15,  Sketch  of  four  megawatt  high  voltage  arc  heater  developed  for 
wind  tunnel  use. 


tsvo  long  cylindrical  sections  comprising  the  two  electrodes,  the  front 
(nozrlc)  section  usually  .serving  as  the  cathcxle,  while  the  rear  section 
serves  as  an  anode.  A  larger  diameter  portion  at  the  base  of  the  (rout 
electrode  provides  a  swirl  chamber  into  which  the  gas  is  injected 
tangentially.  An  early  form  of  this  device  has  been  in  use  for  over  20 
years  in  the  commercial  production  of  acetylene.*’ 


I6«  1757-IS  IS  SCIKSCF, 


ARC  CURRENT  -  SOO  AMPS. 

NOZZLE  THROAT  OIAM.  -0,SZ5“ 

I'lH'Ri.  Hi.  IVifiiiiii.iiuc'  *uivcs  liH  four  nu'K-*'v<U(  an  hi’.ili'r.  ((louilcjy  of 
l.indc  Uivitiuii,  L'niuii  Caibiiic  Coinpaiiy.  li)Uiai)a|)olis,  liid.) 

B.  Fabric.ation'* 

Flami'S  liave  l)ccii  u«cd  to  fabrii  .ite  oialcrials  into  desired  shapes 
since  tix'  dawn  of  civili/atioii.  Tlie  liasic  task  in  this  application  is  one 
of  healing  the  material,  tisually  ^  metal,  to  its  melting  jtoint.  This  is 
the  case  whether  the  ohjer  live  is  ciitting,  joining  (welding),  coating 
(liainc  spraying  or  surfacing),  or  simply  massive  melting  for  subsc- 
(|uent  casting  into  nmlds.  Until  the  inirutliu  tion  of  arc  jets  the  llames 
iiscil  in  |)ciforming  such  tasks  have  always  beet'  derived  from  com¬ 
bustion.  In  inotlci  n  times  the  tleveloinnent  of  oxygen-fuel  gas  torches 
has  been  an  ini]K)i  taut  factor  in  setting  the  pace  of  industrial  advance- 
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niciH.  When  prattiiul  arc  jet  devices  were  devclo|x:d,  almost  simul¬ 
taneously  with  the  need  fur  fabiicatiiig  refractory  metals  and  alloys, 
the  application  of  the  arc  jet  to  fahiication  was  a  logical  conscipiciue. 

Theie  are  several  reasons  why  an  arc  jet  is  siiju  rioi  to  combustion 
torches  in  flame  heating  applications.'*  I  hc  obvious  one  is,  of  course, 
the  high  iin?|>craturc  capability  of  the  arc  jet.  However,  l^ccausc  of 
the  greater  ((unjclexity  and  cost  of  arc  jet  ecpiipnient,  the  relative 
merits  of  the  two  tyfres  of  flames  must  l>c  assessed  for  tasks  within  the 
c.apability  of  both.  A  UK-ful  conijrarison  fur  this  purjKJse  is  piovided 
by  Figure  17.  The  curvee  in  this  figure  show  the  iK'iccntagc  of  the 
heat  content  of  the  flume  which  is  available  for  transfer  ter  a  material, 
plotted  as  a  function  of  the  teniperaturc  at  which  the  heat  transfer 
lakes  place,  l  luis,  if  it  is  desired  to  use  a  inethane  aii  combustion 
flanie  to  heat  material  to  lOtW'f;,  oidy  .'jO'’!,  of  the  heal  content  of 
the  flame  can  be  transfeired,  ilie  remainder  being  eairied  off  as  sen¬ 
sible  heal  of  the  combustion  prcxlucls.  A  similar  situation  would  oc¬ 
cur  at  2500°  C  for  the  cxiauc-oxygen  flame.  At  the  flame  temperature 
the  percent.'ige  of  heat  available  for  trausfer  goes  to  zero,  and  it  is 
im]>ossible  to  melt  materials  such  as  tungsten,  whose  melting  points 
ate  above  the  flame  tcmi>erature  of  oxy  fuel  gas  combustion  flames. 
No  .Mich  limitation  exists  for  a  plasma  flame,  which,  of  course,  does 
not  have  lombusliun  products.  I'he  slight  chop  of  iicat  content  avail¬ 
able  for  transfer  in  the  plasma  jet  reflccu  a  minor  increase  in  wafer- 
cooling  recjuircmcnis  for  arc  jets  ufreraled  so  as  to  achieve  higher 
tcni|)craturc‘s  in  the  workpiece.  Under  practical  conditions  from  70% 
to  85%  of  the  effluent  jet  enthalpy  in  arc  jet  torches  is  available  for 
useful  transfer. 

In  addition  to  superior  heat  transfer  capability,  the  use  of  plasma 
flames  has  the  important  advantage  of  providing  a  compatible  at¬ 
mosphere  for  the  heating  procTss.  In  the  case  of  combustion  flames, 
the  combustion  products  can  often  contaminate  the  work  piece,  ])ar- 
ticularly  in  the  heal-afTecicd  zone,  causing  scale  to  form  and  embrittle¬ 
ment  of  the  material.  Metal  working  plasma  jets  arc  ebarue'  listically 
funned  in  inert  gases,  such  as  argon  or  helium,  or  mixtures  which  do 
not  adversely  affect  the  material  properties  at  elevated  temperatures. 
For  (his  reason  plasma  torches  arc  ciinently  used  even  in  the  low' 
icm|)cialurc  region  where  eneigy  transfer  efficiency  is  no  lunger  a 
major  considei  atioii. 

A  signihcaiit  advantage  of  the  arc  plasma  jet  is  its  high  electrical 
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FigI/'re  17.  Available  energy  from  plasma  and  combusiion  flames.  (Taken 
from  reference  19). 
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Figure  18.  Transferred  arc  cutting  torch.  (Courtesy  of  Linde  Division,  Union 
Carbide  Company,  Indianapwlis,  Ind.) 


conductivity  which  permits  operation  of  the  torch  in  the  so-called 
“transferred  arc"  mode.**  This  is  illustrated  in  the  schematic  dia¬ 
gram  of  Figure  18.  Here  the  (metallic)  workpiece  is  connected  directly 
to  the  positive  terminal  of  the  power  supply,  while  the  torch  nozzle 
is  connected  through  a  resistor.  Initially  the  torch  is  ignited  only  to 
the  torch  nozzle;  however,  as  soon  as  the  jet  contacts  the  work  piece 
a  major  portion  of  the  current  flows  through  the  conductive  jet  and 
enters  the  metal  at  the  sides  of  the  cutting  kerf.  This  has  the  consider¬ 
able  advantage  of  increasing  the  enthalpy  of  the  cutting  jet  by  addi¬ 
tional  Joule  dissipation  and  also  largely  transferring  the  anode  fall 
space  dissipation  from  the  nozzle,  where  it  is  w'asted,  to  the  workpiece 
where  it  is  usefully  absorbed.  This  arrangement  increases  the  rate 
at  which  heat  may  be  delivered  to  a  metallic  workpiece  by  a  factor 
of  3  to  5  times.  The  transferred  arc  morle  is  also  used  in  plasma  weld¬ 
ing  and  plasma  flame  spray  coating  of  a  metallic  substrate.  The  util- 
ization  of  arc  jets  in  the  fabrication  industry,  particularly  in  the  areas 
involving  cutting,  welding  and  flame  spraying,  are  now  commonplace. 
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C.  Chemical  Applications  or  the  High  Intensitt  Arc 

Chemical  applications  of  arc  jet  devices  have,  with  the  exception 
of  a  few  early  developments,”  lagged  behind  the  physical  applications 
listed  in  Figure  14.  A  considerable  body  of  research*’'  **  has  been  ac¬ 
cumulating  in  recent  years  which  delineates  the  unusual  difficulties 
facing  the  development  of  practical  techniques  employing  ultra-high 
temperature  environments  for  chemical  purposes.  The  media  are 
thermodynamically  very  complex,  even  for  relatively  simple  com¬ 
positions,  and  are  not  condurive  to  theoretical  analyses.  Residence 
times  at  the  high  temperatures  are  very  short  ami  kinetic  behavior 
in  plasma  environments  are  not  well  understood.  Furthermore,  the 
practical  matter  of  handling  very  hot  gases  efficiently  and  of  control¬ 
ling  the  course  of  chemical  reactions  during  the  rapid  quenching 
phase  usually  involved  in  arc  jet  chemistry  pose  formidable  problems. 

Despite  these  difficulties,  the  overall  technology  is  fast  approaching 
the  point  where  applications  of  arc  jets  to  chemical  processing  are 
becoming  practical.  The  fixation  of  nitrogen  and  the  conversion  of 
methane  to  acetylene  have  already  been  cited.  In  these  examples  the 
major  problems  have  been  overcome  to  the  extent  that,  under  special 
circumstances,  these  processes  could  be  operated  competitively  with 
the  traditional  processing  techniques. 

Of  special  interest  are  several  chemical  applications  of  the  high 
intensity  arc.  These  show  promise  of  early  incorporation  into  the 
industrial  processing  field.  One  of  the  reasons  for  the  advanced  status 
of  the  high  intensity  arc  in  this  regard  is  the  fact  that  no  confining 
walls  arc  involved  in  this  device  thus  permitting  high  energy  transfer 
efficiency.  Also,  the  reacting  materials  for  these  applications  arc  not 
gases  but  refractory  solids,  which  in  turn  provide  a  more  controllable 
situation,  as  will  be  demonstrated  in  the  following  two  examples. 

(1)  Sub  micron  Particulates 

The  use  of  the  high  intensity  arc  to  produce  an  aerosol*®  of  silica 
was  one  of  the  first  chemical  applications  of  this  type  of  arc  jet  gen¬ 
erator.  Since  then  it  has  been  used**  to  comminute  a  wide  variety  of 
other  materials  including  simple  and  complex  oxides,  metals,  metallic 
carbides,  etc. 

(2)  Refractory  Metals  and  Carbides 

One  of  the  problems  encountered  in  past  attempts  to  use  arc  jet 
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techniques  for  producing  refractory  metals  and  carbides  from  their 
corresponding  oxides  lias  been  the  difficulty  in  condensing  pure 
products  from  the  tail  flame  into  which  all  reactants  are  initially 
projected  in  the  vapor  state.  I  hc  high  intensity  arc  (Figure  19) 
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Figure  19.  Diagram  of  cheinicaily  induced  high  intensity  arc  used  for  pro¬ 
duction  of  refractory  metals  and  carbides. 

provides  unique  opportunity  for  circumventing  this  difficulty.  By  con¬ 
trolling  the  rate  of  energy  transfer  to  the  anode  it  is  possible  to  estab¬ 
lish  a  high  intensity  arc  discharge  without  the  necessity  for  all  of  the 
electrode  constituents  to  pass  into  the  vapor  state.*®  This  possibility 
is  based  on  the  nature  of  the  prtxlucts  of  a  carbothei  mic  reduction 
of  a  refractory  oxide.  The  reactions  are; 

MeO  -j-  C  -»  Me  -j-  CO  for  a  metal; 
or 

McO  -|-  2C  — »  McC  -|-  CO  for  a  metal  carbide, 

where  “Me”  stands  for  a  refractory  metal. 

The  high  intensity  arc  process  is  useful  for  the  production  of  a 
variety  of  higli  purity  metals,  such  as  uranium,  thorium,  niobium, 
taiitaluni,  molybdenum,  tungsten,  etc.  it  is  also  applicable  to  the  pro¬ 
duction  of  the  various  carbides  of  these  and  similar  metals,  either  as 
single  carbides  or  as  true  solid  solutions  of  multiple  carbide  systems. 
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CONCLUSION 

From  the  foregoing  survey  of  arc  jet  technology,  it  is  clear  that 
this  held  has  become  a  technical  discipline  in  its  own  right  and  that 
it  will  continue  to  pervade  both  research  and  industry  with  growing 
importance  within  the  next  few  decades.  Arc  jet  technology  may 
proi>crly  be  regarded  as  the  engineering  aspect  of  the  ntore  general 
fields  of  plasma  physics  and  chemistry.  As  such,  it  is  presently  in¬ 
volved  in  the  evolution  of  a  number  of  exciting  new  developments, 
including  MHD  power  generation  and  controlled  thermonuclear 
fusion,  whose  successful  accomplishment  can  alter  the  course  of  civil¬ 
ization. 

It  is  perhaps  appropriate  to  conclude  this  discussion  by  quoting  an 
evaluation  of  the  economic  impact  of  arc  jet  technology  on  the  tech¬ 
nical  community.**  Annual  ex{}enditures  on  research,  development 
and  testing  in  the  field  of  plasma  technology,  approximately  90%  of 
which  have  been  borne  by  governmental  agencies,  amount  to  some 
130,000,000.  As  a  direct  result  of  these  expenditures,  it  has  been  esti¬ 
mated  that,  in  addition  to  the  benefits  to  defense  and  space  programs, 
more  than  $100,000,000  has  been  added  to  the  gross  national  product. 
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VIII.  Biological  Sensors 

Theodore  H.  Bullock 

Year  vfter  year  sensory  physiologists  continue  to  discover  new 
sensibiiiisti  and  new  forms  of  transduction.  No  other  system  in  the 
body  parallels  tlie  pleihoia  of  distinctively  differentiated  organs, 
many  of  them  in  lower  animals  of  still  unknown  function  and  yield¬ 
ing  one  by  one  to  combined  behavioral  and  electrophysiological 
study. 

The  old  five  senses,  sight,  hearing,  taste,  smeU  and  touch  have  been 
replaced  in  current  literature  by  classes  or  nuxlalities  based  on  the 
form  of  the  normally  adequate  stimulus.  I'hcse  are  photoreceptors, 
phonoreceptors,  tactile,  vibration,  |x)sition,  acceleration,  stretch,  pres¬ 
sure  and  other  mechano-rcceptors,  chcinorcceprors,  thermoreceptots, 
electroreceptors  (a  recently  discovered  whole  class,  treated  below)  and 
nocicejstors  (stimulated  by  noxious,  often  pain-inducing,  events). 
These  in  turn  comprise  a  larger  number  of  subinodalltics  such  as  the 
unit  afferent  nerve  fibers  responding  to  particular  assortments  of 
tastes,  or  smells  or  colors.  A  far  larger  number  of  lines  (we  will  use 
as  virtually  equivalent  nerve  fibers,  axon,  unit  receptor,  channel,  and 
line)  are  labelled,  that  is,  "known”  to  the  part  of  the  nervous  system 
which  receives  and  analyzes  the  input.  There  are  labelled  lines  repre¬ 
senting  each  topographically  separate  receptive  field  on  the  skin,  each 
warm  spot  and  cold  spot,  each  distinguishable  unit  field  of  the  visual 
world,  the  auditory  units  distinguishable  by  their  frequency  response, 
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at  Woods  Hole. 


BIOLOGICAI.  SENSORS  177 


the  muic!e,  tendon,  joint,  semicircular  canal,  blood  pressure,  a.id 
other  receptor  units  geographically  defined. 

In  man  there  arc  something  more  than  10*  refe|>tor  units,  most  of 
them  rods  and  cones  in  the  retina. 

But  to  gain  some  feeling  for  the  process  of  investigation  of  biolog¬ 
ical  sensors  let  us  start  with  an  actual  experiment. 

INFRARED  RECEPTORS 

If  you  decide  to  test  the  hyjKJtlicsis  inferred  from  anatomical  struc¬ 
ture  that  the  curious  facial  jiit  of  the  pit  vipers  (Fig.  1)  is  a  sense  or¬ 
gan,  you  could  jrerform  the  follorving  simple  maneuver.  F.x|x)5ing 
the  nerve  singically  sonic  place  Ik'Iwccii  the  facial  pit,  which  lies  just 
in  front  of  the  eye  and  its  entraiuc  into  the  skull,  one  can  tic  a  thread 
around  the  nerve  and  sever  it  between  the  knot  and  the  skull  pre- 


Kiguhe  1,  Head  of  a  ratdcsn.ikc  sliowing  the  facial  pit,  dis-sccied  to  reveal 
the  thin  meinbrane  at  its  bottom,  which  is  the  sensory  structure. 
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serving  as  long  as  possible  a  |)eriphcral  stunp,  that  is,  the  length  of 
nerve  coming  from  the  facial  pit  to  the  ]>oiiit  of  tlir  cut.  One  can  then 
lift  the  whole  s.ump  onto  an  (Iccirwle  consistti'.g  of  a  platiniiin  wire 
bent  into  a  convenient  hook.  Another  clcclrcxlc  is  placed  anywhere 
else  on  the  snake;  we  would  choose  a  place  close  to  the  nerve  in  order 
to  ;;Void  picking  u|>  the  electrical  signs  of  the  heart  beats  nr  the 
rcs|>iration.  Connecting  these  clectrodr's  to  an  amplifier,  you  would 
find  a  continual  roar  or  sh-sh-sh  sound  which  is  the  combined  activity 
of  many  nerve  fibers,  each  carrying  a  nerve  impulse,  which  contrib¬ 
utes  a  one  millisecond  "jxip,"  several  limes  to  many  times  jicr  second. 

Now  you  are  ready  to  test  different  stiuiuli  and  look  for  efTcciivc 
and  ineffective  forms  of  environmental  change.  You  would  find  that 
a  wide  variety  of  odors  hatl  no  effect,  nor  a  wide  variety  of  sounds, 
nor  changing  the  position  of  the  animal,  accelerating  it  this  way  or 
that.  li  you  touched  the  membrane  at  the  bottom  of  the  facial  pit 
with  a  wisp  of  cotton  or  a  camel's  hair  brush  you  would  find  a 
threshold  above  which  the  background  roar  or  sh-sh-sh  sound  would 
dramatically  increase  in  general  level.  The  same  thing  happens  if  you 
turn  on  a  flash  light,  diret  ied  at  tlicjiit  from  the  front  and  only  a  few 
centimeters  away  or  a  spot  light,  like  an  automobile  headlamp,  from 
a  few  metcis  away. 

Do  we  then  have  an  ambiguous  detector  of  touch  aiul  light?  If  you 
filter  the  light  with  a  thin  layer  of  water  and  .Mohr's  salt,  the  radiation 
ceases  to  Ire  effective  whereas  if  you  filter  with  a  pitch  black  infrared- 
passing  glass  the  lamp  is  once  more  effective.  Evidently  it  i.s  the  infra¬ 
red  com[)onem  of  the  radiant  energy  that  stimulates.  Extension  of 
these  simple  tests  shows  that  the  rcsjionsc  dejiends  on  the  contrast 
between  the  source  of  long  wave  length  radiant  energy  and  the  pre¬ 
vailing  background  radiation  which  is  clicctively  measured  by  the 
surface  tcm|>eraturc  of  the  objects  in  the  field  of  view.  The  tcmjieia- 
tiirc  of  the  intervening  air  is  without  effect.  Even  the  icmjicraturc  of 
the  snake  and  its  sense  organ  is,  over  a  wide  range,  without  effect. 
We  have,  then,  an  infrared  change  detector  which  is  sensitive  over 
die  range  of  wave  lengths,  from  about  1  to  15  or  more  microns,  rc- 
sjKinding  with  a  marked  acceleration  of  the  spontaneous  background 
activity  to  a  dose  of  5  x  10  t®  calorics  delivered  in  less  than  100  milli¬ 
seconds  onto  the  area  of  (eniiiiial  branching  of  one  receptor  (Bullock 
and  Dic'ckc,  1956). 

This  finding  has  diff:rciit  sorts  of  significance  to  dillercnt  jicoplc. 
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<UjK>ii(lii)g  oil  tlicir  prior  interests.  For  lier|H‘i«>logisis  tlic  feature 
that  ratclics  attention  is  the  jxrssession  of  tliis  al>ility  by  all  sfrerics  of 
the  fuinily  of  the  pit  vi|>ers  incUuling  the  r.iiilesnakes.  (oppei heads, 
water  1110(1  asii'.s  and  tlieir  allii's  and  hy  all  nieiiiheis  of  the  f.iiiiily 
of  tlic  boas  and  pythons,  which  is  not  a  closely  related  groiij),  and  by 
no  other  snakes  in  a  (unsiderable  scries  examined  in  the  recent  study 
by  Barret  and  me. 

From  the  jroint  of  view  of  the  evolution  of  the  senses  in  the  verte¬ 
brates  one  is  struc  k  by  the  piesciicc  of  this  specialired  scnsi-i  y  develop- 
nient  iti  certaiti  Liaiuhes  of  the  fifth  cranial  nerve  whereas  neives 
supplying  other  |Kn  tioiis  of  the  skin  in  the  same  and  other  groups  of 
vertebrates  eiUicr  |>osscss  no  such  iccejUors  or  they  are  excessively 
scarce. 

For  the  general  physiologists  conccrnccl  with  inediaiiisins  of  iians- 
duction  tnc  point  jrerhaps  most  iiiniic  cliaicly  of  tonrern  is  the  evi¬ 
dence  that  the  infrared  deiccinr  is  actually  a  wann-reecptoi.  That  is, 
its  resjronse  depends  on  a  rising  lempcraiurc  of  the  sensory  nerve 
endings  (Fig.  2)  rather  than  on  the  radiation  as  a  wave  leiigtli-siiec  ific 
or  pliotochcinic.'iliy  active  stiniulns.  'I'liis  means  that  the*  organ  is  in 
the  class  ot  temjicratnrc  receptors,  of  which  the  best  studied  aic  cold 
rea-ptors,  that  is,  those  which  incicasc  thc'ir  firing  n|H>n  cooling. 
These  sn.ike  lecejitcns  are  the  best  undeistocKl  waiin  ictcplocs  at  pres 
cut.  Wc  believe  they  arc  essentially  like  the  warm  receptois  in  our 
own  skill. 

However,  thediffcicnccs  arc  wirat  concern  i.he comparative  physiol¬ 
ogist,  who  is  impressed  by  the  occistaiiding  illustruiion  lieie  of  the 
principle  (bat  nuxlcst  ehaiigcs  in  scconclaiy  features  such  as  (he 
anatomy  can  make  a  profound  difference  in  the  use  to  which  an  organ 
is  put  in  the  life  of  an  aiiiuial.  Although  the  sensitivity  scents  to  be 
about  (he  same  for  man  and  rattlesnake  in  terms  of  ‘.hiesliold  tein- 
I>eiaturc  change,  about  1/1000  of  a  degree  centigrade  if  reasonably 
abiiipt,  (Fig.  2),  there  is  a  millionfold  difference  in  favor  of  the  rattle¬ 
snake  when  given  in  terms  of  calories  of  flux  at  tbrcsliokl.  This  is 
mainly  due  to  the  sensitive  eudings  being  witliin  2  microns  of  the 
surface  insle.id  of  more  than  .'iOO  mterons  as  in  our  nsvn  skin.  Other 
anatomical  details  confer  a  liigh  resolution  of  detail  .'tiul  a  basis  fur 
locali/atiun  of  the  racliaiii  source.  This,  together  sviih  iiilcgiatiun 
over  time  and  movement  of  the  snake,  can  give  iiiforniaiion  on  size 
and  distance.  The  secret  here  is  an  cxiiaordinarily  fine  grain  or  high 


1?,  Kf'i'iiil'cj  ol  rt  siiiglc'  sfiiv>ry  fiber  in  a  Iri.imh  o(  llie  \  lb  (laniat 
nrnc  srij)|)lyiiiK  ibe  f.mal  pit  in  a  rattleinakc  tir  iliire  diffeii  iii  ibangir  in 
lattiie.  riit'i'e  wtie  iinjMi^cti  by  a  tiny  stream  ol  flowing  watci  iliiei  lcd 
ijirio  the  rri'-mbianc  and  cairying  a  warm  front,  due  to  a  IiKtp  t»l  tesistance 
wire  lie, tied  by  a  iuiltlen  t  tnient,  Note  thrniKivinipIe  rctords  oi  tcinfteraturc 
of  w'.iK'i  in  (lie  pit  S|Kiii(anroiis  rning  is  leliiltly  iin renal  svitlrin  less  (ban 
.')il  nisei .  (KitMn  UiilliKk  anil  Uleike,  19'ib), 

riensity  of  icnsory  nerve  fibers  I'd  square  (uillimetcr  -jf  the  sensory 
iitenibi aiic  (I'ig'  •'l)<  tombiiieel  wiili  its  IiKiitioii  at  tire  holtoiii  of  a 
pit  with  a  somewhat  lesttiitcii  moiiih  tliat  easts  shadows  on  the  sen¬ 
sory  mcmbfauc  (Ihilloek  and  hox,  1957). 

U  you  ate  iuieiesteil  in  the  ultrastun  tine  of  receptor  endings,  tltis 
is  niie  of  dll.  most  extraouiiiiaiy.  1  lie  iininyclinaied  (eiininals  aic 
free  and  extremely  alumdant,  ramifying,  aiul  parked  solidly  with 
nritoehorsdria,  'I'hc  whole  layes  lies  hctwccii  2  and  5  iniiions  ijelow 
the  surface. 

If  you  ate  iutcrestcil  it  the  mechanisms  of  transduction  at  the 
niolenilar  and  c  hemical  level,  this  should  be  cxlraordiiiarily  favor¬ 
able  luateiial  but  nothing  can  be  said  to  satisfy  your  curiosity  at 
picscnl.  To  pique  yoni  interest  the  equivalent  Qio  for  the  iiurease  in 
filing  rate  with  a  thieshold  stimulus  of  about  1/1000’  C  is  10’®l 
^p.nie  limitations  prevent  more  than  a  brief  meiition  of  other 
ftMUiies  of  iiiuiest,  Rcieiit  work  in  japan  has  ailiievcd  siicicsstid 
mil luelei ihmIc  leioiiliiig  of  the  subtlircshoid  leieptor  jKitcntials. 
'I'he  plieiiomeinni  of  qroiitancity  referred  to  at  the  outset  is  itself  a 
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Figukk  3.  None  ciulinf^  in  the  r;i(tlcsn;ikc  |ii(  iiK'niUr.iiic  as  m  th  in  a  wholt' 
iiiiiiint.  foKtiiialcly  iiiijiK^iiat^d  uidt  uihuial  silxti.  Ntitc  (apillaiirs  and 
IiIcmkI  coiptiM  Irs  f4ir  »(al(',  I'lic  nniidx'i  nt  M  ii'aiiv  aMMH  )H’r  sxjualc  niiii  is 
(^rcalcr  than  (he  iniinhcr  <if  opiii  neive  (iliers  per  wpiare  inin  nf  leiina  in 
man.  Kadi  is  lii^hl)  hraiulied:  (he  eleKion  inii slntws  even  mme 
hranthing  iliaii  (his  .silver  stain.  The  st.dc  is  !>U  iniinnneieis  long.  (I  ioin 
Hullm k  and  Ki>\,  19.'>~). 

|)io|K:riy  of  major  ini|)ottancc  in  the  brain  am!  t  an  be  stutJied  !icic 
with  jjariitulai  advaniages.  Ccriain  statistiial  jnojrcrdts  of  die  s|xin- 
(aneity,  bosh  slioii  range  irregularity  and  longer  lerin  stirging,  arc 
of  theoretical  and  inctlianistic  interest.  On  and  on  go  the  problems 
of  basic  ptiiicijdc  involved  in  a  given  instaiuc  of  sciisoiy  reception. 

l.ct  us  pass  on.  \Vc  loiild  tievelop  the  picture  of  recent  advances  in 
chcmorccepturs  in  the  taste  hnds  and  in  the  nose  as  svcll  as  the  anten¬ 
nae  of  iiiseeis.  A  gicat  deal  of  work  has  been  done  tin  ilic  strcteli 
receptors  that  measure  passive  or  active  jnill  on  a  muscle.  \Vc  (oiild 
develop  ilie  still  unknown  icieptors  for  many  environmental  stimuli 
that  animals  icsjHmd  to  bchavioialiy  tnchitling  liydiostatii  pressure 
in  the  range  of  a  few  tentin  eicis  of  water,  x-rays  far  below  Ictlial 
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dose,  gamma  lays,  magnetic  fields  and  others;  in  most  of  these  we 
have  no  idea  whether  a  nervously  innervated  sense  organ  is  involved 
or  the  detection  is  a  property  of  generalized  cells.  Instead  of  any  of 
these  alternatives.  I  want  to  tell  you  about  the  recent  discoveries  in 
electroreception. 

ELECTRORECEPTORS  I  I  ELECTRIC  F'SH 

Here  is  a  group  of  receptors,  interesting  in  their  own  right  as  a 
recently  discovered  new  class  of  sense  organs  and  also  for  the  insights 
they  provide  into  questions  of  general  principle. 

The  encyclopedic  ichthyologists  of  the  last  century  knew  about 


MomivridM 


GymnotidM 


GymiwcHut 

niloltcui 


haanni 


Etfnmannla 

macrapi 


Fioork  -1.  Sonic  of  tilt  many  genera  of  electric  fish.  All  of  the  fresh  water 
families  Cjirinarchiilac  and  Mnnnyrid.ic  (.African)  and  Gyinnotidac  (.South 
.American)  arc  electric,  i.c.  [possess  an  elccitic  organ  and  disciiarge  pulses 
into  the  water.  (From  Lissmanii.  1958). 
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the  possession  of  small  electric  organs  by  three  families  of  fresh 
water  fish,  the  Mormyridae  and  Gymnarchidae  of  Africa  and  the 
Gymnotidae  of  South  America  {Fig.  4).  But  since  the  organs  were 
patently  too  small  to  generate  electricity  of  offensive  or  defensive 
magnitude  these  fish  were  referred  to  as  pscude-elcctric  fish  and  re¬ 
mained  an  enigma  in  evolutionary  theoi^  since  there  was  no  ade¬ 
quate  explanation  for  the  evolution  of  organs  to  a  stage  not  yet 
developed  enough  to  be  of  value  for  the  only  functions  that  were 
conceived  of. 

Only  a  few  years  ago  Lissman  (1958)  at  Cambridge  re-examined 
these  fish  and  proposed  a  new  theory  of  the  function  of  these  organs, 
which  has  opened  up  a  large  field  of  investigation  from  behavior  to 
cellular  mechanism  and  brain  processing.  These  fish  arc  found  to 
discharge  the  electric  organ  in  the  form  of  brief  pulses  from  several 
to  many  times  per  second,  continuously  night  and  day  (Fig.  5).  The 
voltage  is  low,  one  or  a  few  volts  open  circuit,  and  rapidly  attenuated 
with  distance  from  the  fish.  Nevertheless,  says  the  hypothesis,  this 


(4)  El«9«nmannia  vir0K«m 


Figure  5.  Some  of  (lie  kinds  of  electric  organ  discfiargc  pattern.  Note  lower 
an.*  i'''ghcr  fr.nucncics,  respectively  more  and  less  irregular,  broader  and 
..  .  ver  pulses.  (From  jt.issinann,  1958). 
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pulsatile  field  of  current  is  used  by  the  animal  to  detect  inhomo¬ 
geneities  in  the  conductance  of  the  environment  such  as  those  caused 
by  dielectric  or  conducting  objects,  therefore  virtually  anything  that 
is  not  identical  to  the  water  in  its  conductance.  The  distortion  of  the 
field  by  objects  (Fig.  6)  is  detected,  according  to  this  picture,  by  an 
array  of  special  detectors  in  the  animal,  each  reporting  to  the  brain 


Figure  G.  Diagram  of  the  field  around  a  (half)  fish  and  its  distortions  due 
to  objects  in  ilic  water,  therefore,  a  diagram  of  the  usual  adequate  stimulus 
according  to  l.issiiiann's  (1958)  hyiKiihesis. 

the  intensity  of  the  field  at  its  locus,  the  brain  then  synthesizing  an 
analog  of  the  watery  world  by  romjmtation  from  the  many  channels 
of  input. 

This  proposal  has  been  supported  by  behavioral,  physiological,  and 
anatomical  studies  in  more  than  half  a  dozen  laboratories  in  recent 
years.  It  has  led  to  the  discovery  of  a  class  of  receptors  (Bullock  et  al, 
1961;  Hagiwara  et  al,  I9C2)  which  cannot  be  ascribed  to  any  of  the 
familiar  categories  such  as  thcinorcteplors,  ihcrinorcccptors,  photo¬ 
receptors,  iiieciiaiioi  tcc'ptoisaiul  the  like.  01  course,  many  kiiuls  of  re- 
ccjjtois  arc  siibject  to  inilucncc  by  applied  electric  current  but  wc 
cannot,  therefore,  call  tlieni  elcciroivee|>lois.  The  necessary  and  suPTi- 
ciein  evidence  in  the  case  of  the  electric  fish  receptors  was  the  finding 
that  they  respond  systeniaiically  to  the  naturally  occurring  electric 
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fields  and  to  its  alteration  by  displacement  of  objects  in  the  field. 
Incidental  to  this  was  the  demonstration  of  high  sensitivity,  abun¬ 
dance,  wide  distribution  and  aiuomical  s|KTializaiion  (loiii  other 
related  sense  organs. 

Let  us  examine  this  sense  organ  and  its  properties.  The  first  thing 
important  to  realize  is  that  a  diflercntiatioii  into  several  types  has 
occurred,  anatomically  and  physiologically  different,  though  all  an¬ 
swering  to  the  name  and  criteria  of  electroreceptors.  All  these  types 
belong  to  the  system  of  acousticolateralis  sense  oigans,  which  are  in¬ 
nervated  by  the  lateral  line  nerves,  a  common  jsossession  of  elasmo- 
branchs  (sharks  and  rays),  bony  fish  and  aquatic  amphibia.  This  is  an 
extensive  scries  of  sense  organs  in  the  skin  of  the  tail,  trunk  and  head 
innervated  by  branches  of  the  extraordinary  nerve  that  comes  directly 
from  tl.  ,  cain  though  running  the  length  of  the  bexly.  This  system 
is  therefore  superimposed  u[K)n  the  regular  sensory  endings  of  the 
segmental  nerves  from  the  spinal  cord;  these  latter  are  generally  sim¬ 
ple,  branched,  free  nerve  endings  without  structural  sjictialization. 

The  lateral  line  receptors  are  structurally  specialized,  mainly  in  two 
ways.  First,  there  is  a  nonnervous  epithelial  cell,  usually  ciliated,  and 
of  special  aspect,  that  apjtears  to  be  the  actual  receptor  or  sense  cell. 
Jt  receives  the  endings  of  the  aifercnt  nerve  fibers  of  the  first  order 
neurons  in  this  sensory  pathway.  In  other  words,  the  excitation  of  the 
first  order  neuron  is  indirect;  the  environmental  stimulus  is  detected 
and  transduced  by  the  nonnervous  ciliated  sense  cell,  sometimes 
called  a  hair  cell,  and  this  in  turn  excites  the  dendritic  terminal  of 
the  first  order  artcrciit  fiber,  presumably  by  chemical  transmission. 
This  indirect  method  involving  nonnervous  sense  cells  is  nearly 
unique  among  all  animais  and  senses;  (lerhaps  only  in  the  taste  buds 
of  vertebrates  is  there  another  comparable  situation.  The  higher 
vertebrate  ear  with  its  cochlea  and  semicircular  canals  arc  special 
derivatives  of  the  same  lateral  line  system  and  share  this  feature. 

The  second  general  feature  of  this  system  is  that  instead  of  diffuse, 
.sclita’''/  cells,  clusters  of  hair  cells  occur  in  organized  relation  to  each 
uiher,  |jerininii5g  the  use  of  the  term  organ;  these  may  be  quite  dis¬ 
crete  and  numerous  especially  on  the  head  but  also  scattered  over  the 
trunk. 

Most  letejAois  of  the  lateral  line  system  are  some  variety  of 
media  noreceptor,  from  static  position  (tilt  detectors)  to  movement 
(actcleration  detectors),  vibration  (transmitted  from  solid  substrate) 
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to  near-ficid  water-borne  disturbance  (displacement  detectors)  to  far- 
field  water  borne  sound  waves  (pressure  detectors). 

The  clectrorcceptors  arc  the  only  exceptions  since  their  excitability 
has  not  been  attributed  to  mechanical  events. 

Note  the  consequence  of  this  arrangement:  electroreception  is  not 
as  simple  as  one  might  suppose,  electricity  directly  exciting  the  nerve 
fiber,  hence  by-passing  a  transduction  process;  instead  electric  cur¬ 
rent  presumably  excites  the  sense  cell  which  then,  presumably  by 
release  of  chemical  transmitter,  excites  the  sensory  nerve  endings. 
One  of  the  fascinating  questions  of  general  principle  is  whether 
there  is  a  relation  b.  tween  this  indirect  chain  of  events  and  that  be¬ 
lieved  to  obtain  in  the  highest  and  most  studied  of  the  acousticolat- 
eralis  organs,  the  cochlea  or  organ  of  hearing.  Here  a  so-called  coch¬ 
lear  microphonic  potential  faithfully  reproduces  the  sound  waves  and 
is  thought  to  mediate  the  excitation  of  the  cochlear  nerve  endings; 
it  is  not  really  known  whether  the  hair  cells  generate  the  cochlear 
microphonic  and  with  it  excite  the  nerve  endings  or  rather  detect  the 
cochlear  microphonic  like  clectrorcceptors  and  thereupon  chemically 
transmit  the  excitation  to  the  nerve  endings. 

Wuliin  the  general  scheme  of  lateral  line  sense  organs  the  electro¬ 
receptors  are  apparently  histologically  differentiated  though  only  a 
few  speculative  proposals  have  been  made  about  tiie  relation  of  struc¬ 
ture  and  function  (Szabo,  1965;  Waltman,  1966;  Wachtcl  and  Szam- 
ter  1966;  Lissmann  and  Nfullinger,  1968).  Little  is  known  at  present 
at  the  light  microscope  or  electron  microscope  level  which  would 
help  to  explain  the  high  sensitivity  to  voltage  gradients  in  the  water 
outside  the  fish.  The  structure  does  offer  an  explanation  of  the  low 
sensitivity  to  mechanical  disturbance,  since  these  organs  are  rather 
well  cut  off  from  direct  contact  with  the  external  medium  or  the 
lateral  line  canal. 

It  is  quite  possible,  although  the  histology  alone  cannot  clarify  this, 
that  there  is  a  low  resistance  electrical  path  from  the  surface  down  to 
the  sense  c'gan  and  that  the  surrounding  skin  is  of  unusually  high 
resistance,  thus  providing  a  funnel  for  current  from  the  external 
medium  to  the  inner  body  (issues  which,  in  turn,  offer  a  low  resistance 
return  path  to  the  electric  organ. 

The  sensitivity  of  the  clectrorcceptors  has  been  measured  on  the 
whole  animal  by  behavioral  endpoint  and  on  the  single  sensory  fiber 
of  the  lateral  line  nerve  by  psysiological  endpoint  on  several  species 
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of  different  families  with  widely  divergent  results.  The  most  sensitive 
are  behavioral  thresholds  in  the  range  O.O.S  Mv/cm  {Gymarclius,  Liss- 
maim)  and  0.01  i*v/em  {Raja,  Dijkgraaf  and  Kalniijn).  The  basis  of 
estimation,  voltage  gradient  per  centimeter  in  the  water,  is  used  in 
order  to  compare  results.  However,  an  understanding  of  the  receptor 
will  require  conversion  into  current  density  and  resistance  of  each 
part  of  the  path,  or  the  voltage  drop  across  the  receptor  membrane. 
None  of  these  is  known  at  present. 

A  principal  effort  in  the  physiological  analysis  of  the  electrorecep- 
tors  has  been  to  unravel  the  types  there  arc  and  to  chaiacterize  them. 
This  is  done  by  laboriously  and  carefully  dissecting  the  lateral  line 
nerve  to  isolate  minute  bundles  of  fibers  and  eventually  a  single  func¬ 
tional  unit  and  recording  its  nerve  impulses  with  electrodes  anu  am¬ 
plifiers  while  delivering  controlled  stimuli  that  reveal  its  properties. 

The  unexpected  result  has  been  the  discovery  of  several  types  of 
nerve  impulse  code  fundamentally  distinct  from  the  classical  fre¬ 
quency  code  and  this  is  another  main  area  of  interest  for  general  prin¬ 
ciples  of  nervous  communication. 

The  classical  frequency  code  has  been  for  many  years  the  answer  to 
the  question:  How  is  information  represented  in  streams  of  nerve 
impulses  in  nerve  fibers?  One  of  the  very  first  problems  we  face  when 
we  ask  how  the  brain  works  is  this  one  of  the  form  in  which  informa¬ 
tion  contained  in  nervous  messages  is  represented,  whether  from  the 
sensory  receptors  to  the  brain  or  from  the  brain  to  the  muscles  or 
from  place  to  place  within  the  brain  and  spinal  cord.  As  soon  as 
amplifiers  and  string  galvanometers  permitted  the  discovery  of  nerve 
impulses  in  the  early  decades  of  this  century,  it  was  noticed  that  nerve 
fibers  from  sense  organs  being  stimulated  carry  more  impulses  per 
second  the  stronger  the  stimulus.  This  has  been  repeatedly  confirmed 
and  is  so  reasonable  tor  a  code  based  on  nerve  impulses— which  are 
all  or  none  events  about  a  millisecond  in  duration,  that  the  notion 
of  an  average  frequency  rcprcseiitation  is  well  established.  Some  of 
the  electrorecep  tor  fibcis  behave  in  accordance  with  this  coding 
scheme  (Fig.  7). 

In  the  electric  fish  we  have  found  several  other  types  of  nerve  fibers 
however  ib.n  do  not  corrcsjiond  witii  this  picture.  One  type  has  been 
described  from  a  species  of  Sternopygus  that  fires  its  electric  organ 
consistently  at  100  per  second.  This  type  of  nerve  fiber  follows  the 
electric  oigan  discharge  with  a  single  nerve  impulse  from  the  electro- 
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Position  olonQ  fish,  cms  behind  snout 

Figure  7.  Average  frequency  coding.  The  resjxjtise  of  a  unit  in  the  lateral 
lint  nerve  of  a  gymnotid,  that  appears  to  code  by  the  classitai  means.  Stimulus 
was  an  object  brought  into  and  out  of  tht  receptive  field.  (From  Bullock 
and  Chichibu,  1966). 

receptor  to  the  brain  and  this  one-to-one  relationship  is  maintained 
during  stimulation  by  introducing  conducting  or  dielectric  objects 
into  the  receptive  field  of  the  receptor,  for  example  by  moving  a  metal 
rod  along  the  side  of  the  fish  about  a  centimeter  away.  The  sensory 
fiber  fires  at  100  per  second  and  cannot  carry  information  about  the 
stimulus  by  its  frequency.  The  parameter  which  shows  the  response 
of  the  receptor  is  the  time  between  the  electric  organ  discharge  and 
the  sensory  nerve  impulse.  This  latent  period  varies  systematically  by 
about  2  milliseconds  for  a  movement  of  the  metal  rod  of  1  centimeter 
(Fig.  8).  Since  there  are  other  sensory  fibers  which  do  not  change  in 
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Ficl'm;  8.  Lateiuy  toding.  1  tic  response  ol  a  unit  in  ilic  lateral  line  nerve  of 
a  gymnotid  that  cannot  be  coding  by  (rctiucncy  and  apparently  codes  by  the 
magnitude  of  tlic  delay  between  its  firing  and  that  of  another  t  lass  of  units. 
During  the  slow  vertical  sweep  ol  this  round  .in  objeit  was  moved  in  and 
then  out  of  the  receptive  field.  (From  Bullock  and  Chichibu,  1966). 


latent  period  with  stimuhition  the  centr.tl  nervous  system  has  a  basis 
for  measurement  of  latency  and  hetice  of  the  alteration  of  the  elec¬ 
tric  field  by  the  metal  rod.  VVe  can  call  this  a  latency  code  (Bullock 
and  Chichibu,  195G). 

Another  class  of  fibers  is  cnunuueicd  in  these  fish  which  does  not 
follow  every  cycle  of  the  electric  oigan  discharge  but  misses  eitlrcr 
occasionally  or  more  frecjueiitly  according  to  the  presence  of  a  stimu¬ 
lating  object  in  the  water.  Missing  does  not  occur  regularly  every 
second  or  third  oi  foot  ih  or  fifth  <  ytlc  of  the  electric  oigan  discliarge 
but  is  significantly  noiuandom  and  on  the  average  codes  a  stimulus 
strength  alihcugh  with  a  limited  dynamic  range.  This  system  can, 
of  course,  be  treated  as  an  average  fiequency  code  but  is  different 
from  tile  classical  form  in  that  the  intervals  are  quantal.  ^Vhe^ller 
the  brain  icads  it  in  the  same  way  or  not  is  a  question  for  the  future. 
In  the  meantime  we  can  call  this  a  probability  code. 

Jn  species  of  Hypopomus  tlic  electric  organ  discharges  at  from  5 
to  30  per  second  and  a  t  iass  of  elcctrorcieptors  follows  each  dis- 
cluigc,  not  witli  just  one  or  no  impulses,  but  with  zero  or  one  or  up 


190  VISTAS  IN  SCIENCE 


to  15  iiiijMilscii  ill  a  sliort  high  frequency  hurst  (Fig.  9).  These  fibers 
may  encode  the  jucsciitc  and  iiucnsity  of  a  stiiniihis  by  the  number 
of  imjmiscs  in  die  hurst  or  hy  its  cliiratioii;  typically  there  is  no 
systematic  change  in  the  intervals  lietwccn  impulses.  In  any  case 
we  cannot  treat  this  as  a  frequency  code  because  the  average  fre- 
tpicncy  will  primarily  depend  upon  the  nunihei  of  electric  organ 
discharges  per  second  which  varies  over  a  wide  range  at  the  will  of 
the  fish.  It  may  lie  railed  a  nnniber  code,  or  what  is  equivalent,  a 
dtiration  of  hurst  code,  since  the  intervals  are  not  systematically 
changing. 


Figurk  9.  Number  or  dur.ition  coding.  The  response  of  a  unit  in  the  lateral 
line  nerve  of  a  gymnutid  that  e.mnot  be  coding  by  mean  frequency  and  ap¬ 
parently  codes  the  intensity  of  the  adequate  stimulus— presence  ol  an  ob- 
jett  in  its  fieid,  by  the  iiumber  of  nerve  impulses  at  a  nearly  fixed  frequency. 
Note  the  steep  function  of  position  and  opposite  effect  of  dielectric  and 
conducting  objects.  (From  Hagiwara  and  Morita,  1903). 


The  fibers  coding  by  average  frequency  are  as  remarkable  as  any 
other.  For  they  are  smoothly  changing  frequency  with  intensity  of 
stimulation  in  the  presence  of  the  pulsatile  field  of  the  electric  organ 
discharge,  somehow  ignoring  that  frequency.  The  possibility  sug¬ 
gests  itself  that  they  are  integrating  over  many  electric  organ  dis¬ 
charge  cycles  at  the  exireiisc  of  promptness  of  response  to  a  new 
stimulus.  But  this  can  be  eliminated  because  the  fibers  in  question 
continue  to  fire  and  to  rcsjrond  to  objects  even  when  the  electric 
organ  is  silenced  by  anesthetic  or  other  means.  Evidently  these  re- 
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ccpiors  have  a  high  iiit  off  lilici  (hat  jm  veiK*  (he  brief  event  of  the 
electric  oig.iii  hum  siiiniilaiiiig  aiul  are  mainly  sriuiiivc  tn  the  fcehle 
DC  and  slowly  changing  voltages  in  the  water  froin  othci  ionites 
of  (iiiTeiii  external  to  tlic  nsli.  Under  any  hut  the  most  ihemitally 
clean  conditions  there  iiuinially  exist  sources  of  enrreni  in  the  water 
and  the  walls  of  tht'  conlainer  or  objetli  in  the  water  and  while  the 
voltages  are  small  the  sensitivity  of  the  ietc|Jtors  is  quite  high  enough 
to  res[)ond  (o  such  stiinuli. 

Considerations  of  clci  troreeeptor  sensitivity  and  function  led  ns 
to  basic  priin  iplcs  of  neural  ((nling  and  these  in  turn  have  led  us 
back  to  tpicstions  of  utility.  The  dinovery  of  this  class  »d  eleitio- 
rccoptors  that  tio  not  defrend  uj>oii  the  electric  organ  raised  the 
{Missihility  that  such  oigaiis  ate  widespread  among  sivries  laiking 
a  sjK'cialired  cleitric  oigan.  New  evidence,  partit nlnrly  from  he- 
havii  'lal  studies  on  sharks  and  rays  without  electric  organs,  strength¬ 
ens  the  suggestion  that  such  is  the  case.  One  of  the  outstanding  pnr- 
zlcs  of  sensory  physiology  since  the  late  'SO’s  has  been  me  function 
of  the  rhararierislic  and  abnndaiit  sense  org.ans  in  the  skin  of  all 
shaiks,  skates  aiul  rays  called  ampulUir  of  Lorettziui.  )Vork  pub¬ 
lished  in  Holland  (l)ijkgracf  and  Kalinijn,  19(i0)  seems  to  have 
establislicd  the  function  of  these  receptors  scattered  ihrongh  the 
skin  of  elasmobianclis  as  elct tioiecc|>lois,  rcs|)otHling  to  the  action 
potentials  geneiated  by  jney  sj»ccies  of  fish  through  (heir  heart  beats 
or  respiratory  or  locninotor  ntovcmeiUs.  1  cxjrcct  still  other  S|>ccic5 
of  lish  to  ho  foiiinl  which  normally  make  use  of  elcrlroreccpiion. 

The  rclevaiuc  of  smh  studies  for  basic  brain  physiology  .is  tliat 
ordinary  nerve  cells  in  the  brain  in  all  piobability  arc  nonnaHy  in¬ 
fluenced  in  the  fretpicncy  of  their  firing  by  standing  and  slo-v.ly 
changing  potentials  in  the  tissue  in  addition  to  whatever  else  con¬ 
trols  them;  common  nerve  cells  arc  in  fact  clcctroieceptors.  It  is  the 
available  stimuli  and  their  meaning  that  arc  still  in  (jnestion. 

Let  us  look  a  little  farther  into  the  behavioral  fumiion  of  the 
electrorcception  in  electric  fish.  Lissmann  and  Maehin  showed 
(1958)  that  Gyrnriarr/iuj  can  learn  to  dislingnish  between  two  ob¬ 
jects  that  differ  in  electrical  conductivity,  for  example,  two  jiorcelaiii 
filter  candles  filled  with  different  mixtures  of  distilled  and  tap  water. 
Mbhres  (1957)  iiiditatcd  a  social  significaiuc  of  the  discharge  in 
mormyrids,  in  conneitioii  with  tcriiiorial  defense. 

1  want  to  (ell  yon  of  some  new  evidence  that  gymnotids  use  this 
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sy.ticin  ill  <Iuk  range  navigaiiun,  obstacle  avoidance  and  detection 
of  a])miiic'5  01  clianiiels  ricliniinai >  evidence  in  iny  laboratory 
iiiclicatc'd  that  siK'cicsof  clcitiic  fislt  o!  tlie  family  Gytiniotidiir  were 
iniiili  Inttcr  than  a  mitnlM'i  of  s|>ecies  of  nonelectric  families  of 
fresh  water  fish  from  die  iro|>ical  fish  store  in  a  task  involving  find¬ 
ing  the  ajicriuic  in  a  baffle  lietwc^n  two  halves  of  the  aqiiavimn  when 
that  a|H'rinre  was  shifted  at  raiuloin  between  liials.  'I'lic  fish  weie 
trained  on  a  so  callcd  shuttle-box  o[K'rani  conditioning  paradigm. 
The;)  leariircl  that  wlicn  the  lights  canie  on,  electric  shocks  would 
soon  follow  and  shortly  iherraflei  |>iiHlcliiig  would  occur,  unless 
they  rcticatecl  ihioagh  n  door  to  the  other  half  of  the  ac]uaiium, 
whc'rou|H>n  lights  would  go  off  and  they  would  be  left  in  }H*atc. 
After  the  lish  IcarnecI  to  solve  the  pioblein,  the  clear  plastic  partition 
hetween  the  two  liaises  of  (he  acpiariuin  was  changed  to  one  with 
eight  holes,  of  svhitli  all  but  one  were  covered  for  each  trial  accord¬ 
ing  (u  a  qiiasi-raiuloni  luiniher  table.  Because  of  position  habits  and 
|iersoiiality  differences  a  fees  s|K;cinicns  were  refractory  to  the  shuttle 
hox  Cask  hut  foiii  teen  spec  inieiis  of  elcc  ttic  fish  f/ogruf/nnini,'!,  fJywi- 
nolus,  Hyfuifi'iiiins  and  Strmopyj’Ui)  were  each  trained  to  rouse, 
hunt  for  and  pass  through  the  njien  hole  in  an  average  of  less  than 
seconds.  (I  he  electric  fish  coimnoiily  reslccl  motionless  during 
the  .f  to  T)  minutes  betsveen  trials.  Ihey  did  not  always  ioii.se  and 
start  to  hunt  with  the  lighi  on  signal  but  did  so  with  one  or  an 
occasional  brief  electric  shock  delivered  liy  hand  switch  at  the 
judgment  of  the  tiaincr.  Only  in  ilie  caily  stages  of  shaping  was 
picKlcIing  iiccc  ssary.  I  tu'sc  fisli  will  not  work  for  a  fcXKf  reward.)  One 
or  two  sjiceiiiiciis  each  of  ten  species  of  noneleitiie  ftesh  water  fish 
(in  the  gciicia  Chhimius,  /i>ioptirhi/iys,  HarOus,  Anuilovuis,  Coty- 
doras,  Asfroriutus,  An^tiilla,  Maslaceinbelus,  Piotoptcfui,  Pelroiny- 
ion)  suececdccl  in  averaging  no  less  than  300  scccrnds  to  fiiul  the 
aperture  even  though  eoniinually  searching  or  moving  about  and 
interiiiiitently  reinfoued  by  shock  or  prexf,  liaving  come  to  plateau 
pc'i  foiinanc.c  after  a  sveck  or  two  o(  training  at  20  trials  a  clay.  Only 
•wo  siiecics  c.cf  nonelectric:  fish  tried  were  able  to  do  as  well  as  -iri-GO 
sc'CcmcU  [At  nnlltophIhaUnus  sp,  and  Xfnomystus  sp.) 

To  test  dec;  liypollu'iis  tliai  the  elcitroieieption  was  of  some  aid 
in  finding  the  aperiines  (visual,  meclianit  .d,  and  etlier  tiies  or  senses 
were  not  eliminated)  the  following  ex|x.'iimciil  was  deviR-d.  Clus- 
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tcrs  of  four  cnrbon  rod  clci dories  mounted  in  the  same  metal  lioldci 
above  llic  svater  vs'Cic  fixed  in  |K)sitiun  near  each  of  ilic  ajicrturcs 
and  bciauie  part  of  the  normal  fiirnitiire  of  tlie  fisli's  woild.  txteinal 
coniici lions  |)cniiittcd  shorting  together  any  coinbiiiation  of  the 
eight  clusters.  A  ceitain  fish  svas  then  trained  with  clusters  1,  3,  5 
and  7  pei  inaiieutly  sliortetl  together  and  2,  4,  C  and  8  pel matieiitly 
shotted  logctlier.  Another  lisli  was  trained  will)  1,  2,  3  and  4  shotted 
together  and  5,  ft,  7,  and  8  shorted  tttgether;  another  with  1,  2,  5,  and 
(1  shorted  together  and  3,  4,  7,  and  8  shorted  together,  etc.  After 
reaching  plateau  |KiformaiKO,  ineasni ing  the  time  to  find  the  open 
a|)eriure,  typiially  about  20  seconds,  oecasional  trials  were  injected 
into  a  session  with  an  niifiimiliar  pattern  of  shorting  of  the  elcc 
trodes.  The  tesults  of  a  prcliminaiy  series  on  font  teen  fish  was  a 
significant  intrease  in  tfte  time  required  to  find  the  apoitiue,  typi¬ 
cally  by  about  5  to  10  seconds.  'I  he  same  test  could  not  be  tried  on 
the  nonelectric  fish  since  they  were  unable  to  find  the  aperture  in  a 
reasonable  or  consistent  length  of  time.  The  conclusion  is  that  in  the 
eli'dric  fish  a  sudden  iliaiige  fiuni  the  familiar  in  the  shape  of  tlic 
world,  coiiduclanec  wise— not  usually  mechanically,  or  chemically 
detectable  upsets  the  fish's  performance  by  a  significant  amount. 

To  test  the  rct  ipioial  jnoldem  of  providing  an  ehdiical  due  of 
the  position  of  the  coiicci  ajierturc  a  new  device  was  consli utlcd. 
Tfte  partition  between  tlic  two  halves  of  the  aquarium  was  pro¬ 
vided  with  swinging  tioors  of  which  two  were  used  foi  a  given  fish; 
in  any  trial  one  was  loikesl  and  the  odier  free  to  swing.  paii  of 
carbon  iikIs  in  front  of  each  ihHir  «ould  be  externally  shorted  01 
left  uncomieclcd:  one  of  ificsc  conditions  was  the  indication  of  the 
uniocked  door.  The  iiieasuremem  in  this  case  was  not  time  but 
dcjiarturc  ft  out  chaiicc  level  in  chiMising  a  door  to  }>iish  u]>on,  fol¬ 
lowing  the  on-signal,  to  reach  the  other  side  of  the  aquarium.  During 
the  many  days  of  testing  trials  ifie  fish  is  occasionally  given  an  clcc- 
irir  sfuKk  if  it  is  not  active  and  near  the  choice  points;  tltis  main¬ 
tains  its  motivation  to  gel  thiungli  the  partition  but  does  not  give 
any  clue  as  to  the  unloi  ked  door.  The  result  with  our  arrangement 
of  (  lues  was  a  small  dejiaiture  fioin  chance  level  of  choice  but  at  a 
highly  significant  level.  I'.ach  of  14  avci.igcs  of  HR)  or  more  trials  in 
5  li.sh,  {(iyinrutlus  carapo  and  (Itmthonetnus  sp.)  were  significant  at 
the  0.5%  level  with  the  cailxm  lod  clues  and  an  additional  3  aver- 
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ages  were  slightly  less  signiheant  at  the  1%  level.  One  fish  given  the 
same  shaping  and  training  failed  to  choose  the  correct  door  signifi¬ 
cantly  above  chance  level  in  100  or  more  trials  with  one  geometry 
of  the  carbon  rod  clues  but  achieved  0.5%  significance  on  another 
geometry. 

Since  the  conditions  were  uniform  with  respect  to  visual,  mechan¬ 
ical,  and  chemical  clues  rhe  only  modality  available  in  these  experi¬ 
ments  was  electrical  and  in  the  form  of  a  very  minor  change  in  the 
configuration  of  the  electrical  world,  avoiding  the  intentional  intro¬ 
duction  of  voltage  gradients  (although  minute  inequalities  between 
the  carbon  rod  electrodes  could  not  be  eliminated).  The  results 
show  that  the  electric  modality  is  used  by  these  gymnotid  electric 
fishes.  However,  tasks  have  not  been  devised  which  would  bring  out 
the  differences  we  presume  must  exist  in  the  utilization  of  electro- 
reeption  in  object  detection  between  species,  for  example,  the  high 
frequency-fixed  fiequency  species  and  those  discharging  the  elec¬ 
trical  organ  at  a  low  and  variable  frequency. 

Some  of  the  difference  last  referred  to  may  be  involved  in  the 
social  communication  function  of  the  electric  discharges  and  electro¬ 
reception.  Experiments  (not  reported  here)  in  our  laboratory  and  on 
the  Sciipps  Institution  of  Oceanography  Research  Vessel  Alpha 
Helix  in  the  Amazon  indicate  a  wide  difference  among  species  in 
the  amount  and  kind  of  behavioral  response  to  electric  pulse  signals 
of  the  typ>c  of  the  fish's  own  species. 

Between  the  properties  of  the  peripheral  receptors  and  the  be¬ 
havioral  reactions  is  another  chapter  of  interest,  namely,  the  study 
of  second  order  and  higher  order  processing  of  the  sensory  input  by 
the  analy,.CiS  in  the  brain  in  order  to  extract  the  information  of 
interest  to  the  organism  from  the  large  number  of  parallel  channels 
of  unit  receptors.  Engcr  and  Szabo  (1965)  have  successfully  recoH'''d 
from  single  neurons  in  the  brain  that  show  responses  to  obj^  cts 
different  from  those  of  the  sensory  nerve  fibers,  e.g.  phasic  cliange 
depending  on  direction  of  movement  regardless  of  the  nature  of 
the  object,  whether  dielectric  or  conductor. 

Instead  of  expanding  on  this  discussion  of  electroreception,  I 
want  to  tell  you  about  some  recent  work  in  the  same  direction  in 
the  ultrasonic  auditory  systems  of  bats  and  dolphins,  which  my 
colleagues  and  1  (Drs.  Nobuo  Suga  and  Alan  Grinned  and  collabora¬ 
tors  in  Japan)  have  worked  with  in  the  last  few  years. 
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ULTRASONIC  AUDITORY  ANALYSIS 

If  an  anesthetized  bat  is  mounted  in  a  holder  with  its  head  im¬ 
mobilized  and  the  roof  of  the  ntidbtain  is  exjrr  ed  by  ojrening  th.c 
skull,  a  niicroelectrode  consisting  of  a  glass  capillary  drawn  to  a 
fraction  of  a  micron  diameter  at  the  tij»  and  filled  with  a  conduct¬ 
ing  salt  solution,  can  be  introduced  into  the  portion  of  the  midhrain 
called  the  inferior  colliculus  and  advanced  in  steps  of  a  few  microns 
while  the  potential  difference  between  this  and  an  indifferent  elec¬ 
trode  on  the  skin  or  nuisde  is  svatched  on  the  cathode  ray  oscillo¬ 
scope  screen.  This  is,  in  fact,  a  widely  used  technique  for  hunting 
for  single  nerve  cells  or  nerve  fibers  in  the  brain  in  order  to  study 
their  properties  and  responses  to  stimuli  of  many  kinds.  It  is  a 
technique  requiring  patience  and  luck  combined  with  skill  since 
the  factors  that  operate  to  permit  picking  up  single  units  that  are 
still  functioning  are  not  really  understood,  while  clearly  the  vast 
majority  of  nerve  cells  the  electrode  encounters  or  passes  are  not 
heard  from  or  are  damaged.  We  therefore  have  no  way  of  knowing 
at  present  whether  the  units  that  we  do  find  and  study  are  a  repre¬ 
sentative  sample  of  the  population  or  selected  for  some  feature  that 
biases  the  sample. 

Let  us  consider  some  of  the  kinds  of  units  that  have  been  en¬ 
countered  in  such  <  xploration  in  bats.  The  reason  for  studying  bats 
is  that,  in  association  w'ith  their  elaborate  behavioral  employment 
of  echolocation,  the  auditory  system  in  the  brain  is  enormously  de¬ 
veloped  and  readily  accessible  and  the  range  of  hearing  extending 
into  the  ultrasonic  above  100  khz  gives  us  more  than  two  extra 
octa»e5  of  loom  for  »'  '-veri^^  stimuli. 

biisi,  we  shall  plot  the  response  of  each  unit  by  choosing  a  pure 
tone  that  is  effective  in  causing  impulses  in  the  unit,  when  delivered 
with  a  gradual  rise  that  prevents  the  onset  click  and  maintained 
for  a  pericxl  longer  than  the  latent  period  of  the  unit  spike.  Now, 
we  shall  weaken  the  intensity  of  the  sound  until  an  arbitrary  cri¬ 
terion  of  threshcld  is  reached,  for  example  one  spike  response  in  ten 
repetitions  of  the  tone  pip  or  a  spike  probability  of  0.1.  These  stim- 
u<os  conditions  establish  a  point  on  a  graph  of  frequency  against 
intensity  at  threshold  which  wc  may  call  the  excitatory  response 
area  curve.  This  curve  is  typically  U  or  V  shaped  with  a  best  fre¬ 
quency  v.'here  the  threshold  is  minimal  and  rising  thresholds  at 
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higlici  and  lower  frequencies.  Some  of  the  units  encountered  have  a 
broad  response  area.  Otliers  have  a  narrow  response  area  with  a 
much  steeper  fall  in  sensitivity  on  each  side  of  a  narrow  best  fre¬ 
quency.  Some  units  show  suppression  by  high  intensities,  at  an 
upper  tlircshold,  therefore  giving  a  graph  which  is  a  closed  figure. 

Now  let  us  add  a  further  test.  Delivering  a  sound  within  the  re¬ 
sponse  area  that  is  above  threshold  at  some  effective  frequency,  we 
will  now  try  the  effect  of  superimposing  sounds  of  other  frequencies 
ani  intensities.  In  some  units,  particularly  those  with  the  narrow 
ex  itatory  response  area,  we  find  sounds  both  inside  and  outside  of 
tins  area  w'hich  therefore  do  not  cause  any  excitation  but  which  are 
effective  in  altering  the  response  to  the  conditioning  tone  in  the 
direction  of  suppression.  In  this  way  we  can  plot  the  threshold  in¬ 
tensities  at  different  frequencies  for  the  inhibitory  effect  and  obtain 
an  inhibitory  area  (Fig.  10).  This  may  overlap  the  excitatory  response 
area:  that  is  to  say  tones  in  the  overlap  region  not  only  can  elicit  spikes 
but  at  the  same  time  inhibit  the  responses  to  other  tones  simultane¬ 
ously  delivered.  Inhibitory  areas  may  occur  on  either  high  frequency 
or  low’  frequency  side  of  the  excitatory  response  area,  or  on  both  sides. 
In  the  latter  case,  they  may  be  quite  symmetrical  or  one  inhibitory 
area  may  have  a  considerably  more  sensitive  best  frequency  than  the 
other.  On  the  basis  of  simple  stimuli  with  pure  tones,  single  or  paired, 
we  have  found  an  array  of  different  types  of  units  by  the  limited 
criteria  of  wide  versus  narrow  excitatory  lesponse  area,  high  inten¬ 
sity  suppression,  presence  or  absence  of  inhibitory  area,  one  or  two 
inhibitory  areas,  and  symmetry  or  asymmetry  of  two  inhibitory  areas. 
We  would  probably  find  still  further  differentiation  of  types  of  nerve 
cells  if  we  looked  at  other  criteria  such  as  the  lime  coarse  of  response 
to  stimuli  at  a  fixed  moderate  intensity  or  at  a  certain  number  of 
decibels  above  threshold. 

Instead,  let  us  introduce  another  form  of  stimulation,  namely,  fre¬ 
quency  modulated  tones.  If  during  the  latent  period  of  rc.sponse  the 
tone  is  swept  through  the  frequencies  included  in  the  response  area 
wc  will  get  a  response,  providing  the  intensity  is  above  the  best 
frequency  threshold  and  the  ssveep  rate  is  suitable— about  one  octave 
in  4  msec.  If  the  frequency  modulated  tone  starts  in  an  inhibitory 
rcs|.>onsc  area  there  will  generally  b,  no  response  even  though 
the  tone  sweeps  into  an  excitatory  response  area.  At  these  sweep 
rates  presumably  there  is  an  aftereffect  of  the  inhibition  which 
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Figure  10.  Three  kiiiJa  of  auditory  iterv’c  cells  in  the  urain  of  a  bat  (dia¬ 
grammatic),  and  an  arrangement  of  them  that  would  explain  the  res)>i)nscs 
specialized  so  that  frequency  modulated  tones  arc  recognized  but  fixed  fre¬ 
quency  tones  cause  no  response.  Neurons  "a”  and  ''b"  do  respond  to  fixed 
frequency  tones  (excitatory  response  area  in  white);  they  also  have  inhibitory 
areas  (hatched)  and  these  are  asymmetrical,  in  the  opposite  senses  for  "a" 
and  for  "b”,  The  result  is  that  "a”  responds  to  upward  sweeping  FM  tones 
(solid  arrow)  at  low  intensity  and  not  to  downward  sweeping  FM  at  any 
intensity  (da.shed  arrow):  "b"  is  the  opposite.  If  "a”  is  inhibitory  to  "c"  (here 
“hown  via  an  interneuron  “i")  and  ‘‘b"  is  excitatory,  the  result  wdl  be  that 
f '  responds  to  no  pure  tone,  but  has  an  inhibitory  response  area  and  fires 
only  to  downward  sweeping  FM  tones  in  the  right  range.  The  table  shows 
the  effect  of  different  tones  as  indicated  on  the  abscissa  upon  the  three 
neurons.  £  and  e  are  stronger  and  weaker  excitation,  I  and  i  are  stronger 
and  weaker  inhibition,  O  represents  no  effect.  (Kindness,  N.  Suga). 
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suppresses  response  during  the  brief  period  of  the  excitatory  stim¬ 
ulus.  Tlicrcforc,  in  general,  there  is  no  response  to  frcquent7  mod¬ 
ulated  tunes  in  symmetrical  units  or  units  with  inhibitory  arras  well 
dcvciojrcd  on  both  sides  of  the  excitatory.  In  asymmetrical  units 
frequency  modulated  tones  catt  cause  a  response  at  low  intensity  if 
swept  in  the  tight  directiott,  that  is,  from  the  excitatory  towards  the 
inhibitory  frequencies.  The  variety  of  types  of  response  to  frequency 
modulated  tones  is  further  increased  because  some  units  have  in¬ 
hibitory  areas  to  simultaneously  delivered  tones  but  not  to  immedi¬ 
ately  successive  tones  so  that  the  frequency  modulated  stimulus  docs 
not  show  a  directional  preference. 

With  this  background  you  may  see  the  great  interest  in  the  dis¬ 
covery  of  some  units  in  the  highest  level  of  the  auditory  system,  i.c., 
in  the  cerebral  cortex,  which  do  not  respond  to  any  pure  tones  what¬ 
ever  but  do  respond  to  frequency  modulated  tones  in  the  correct 
range  and  direction  (Fig.  10).  One  of  the  particularly  exciting  and 
pregnant  directions  in  which  contemporary  neuronal  physiology  is 
developing  is  in  the  di.scovery  and  .analysis  of  wh.it  1  call  recognition 
units,  that  is,  units  which  are  properly  detectors  responding  to  mod¬ 
erately  complex  combiuatiuns  of  features  in  the  stimulus  situation, 
fur  example,  small  dark,  moving  objects  in  the  visual  held  or  rec¬ 
tangles  in  a  certain  orientation.  Here  is  a  particularly  good  one  in 
the  auditoiy  domain,  because  it  is  so  quantitatively  specifiable,  of 
intermediate  comjrlexity  and  readily  understocxl  on  'he  basis  of  a 
model  requirin'  simply  the  convergence  of  two  of  tf  ,  simpler  kinds 
of  asyinmetri'  units,  one  presumed  to  be  excitatory  and  the  other 
inhibitory  to  the  recognition  unit.  In  no  other  recognition  unit  so 
far  is  I  here  such  a  satisfactory  model  (Suga,  1965)  based  on  known 
types  of  simpler  units.  The  model  is  non  trivial  also  because  it  as¬ 
serts  that  die  ciucial  interaction  is  based  on  inhibitory  action  and 
not  on  augmentation  or  facilitation. 

If  we  add  another  complication  to  the  stimulus  we  quickly  find 
units  whose  behavior  cannot  yet  be  explained  fully.  In  his  current 
work  in  our  laboratory.  Dr.  Suga  is  permuting  combinations  of  pure 
tones,  frequency  modulated  tones  and  bursts  of  white  noise,  band- 
limited  at  chosen  upjier  and  lower  bounds.  These  three  basic  forms 
of  stimulation  simulate  rather  well  the  major  component;  of  human 
speech,  namely,  the  formants  prominent  in  vowels,  the  transitions 
and  tlie  wide  spectrum  bursts  dominant  in  the  consonants.  Suga 
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(1968)  finds  units  which  rcsjxnid  to  each  of  these  three  alone,  aiul  not 
to  the  other  two,  or  to  two  of  the  tlncc  but  not  the  tliiitl  fe:,n  of  stim¬ 
ulation  or  to  all  three  forms  given  in  coniliiiiaiiuns.  There  ran  Ire 
inhibit  y  interaction  in  many  cases  but  so  far  no  facilitatory  inter¬ 
action.  The  response  to  a  given  vowel  or  a  transition  ran  therefore 
be  very  much  dependent  on  the  other  freqiictu  ics  present  besides  the 
constant  frequency  or  the  iniHliilated  fict|uciicy.  Many  units  arc  thus 
sensitive  to  the  sound  structuie,  nut  only  to  the  frequency,  hut  to  the 
succession  of  intensities. 

Another  way  of  studying  the  properties  of  auditory  ceiiteis  is  by 
recording  with  electrodes  that  see  more  than  one  nerve  cell  at  a 
time  and  give  us  the  compound  potential  resulting  from  the  summed 
activity  of  several  or  many  units.  We  will  call  these  res|K)n$cs  evoked 
potr  ‘ials  and  it  is  evident  already  that  dieir  Irehavior  will  not  be 
entirely  predictable  from  what  we  have  Icarnc'd  about  units  since 
it  is  not  to  be  assumed  that  we  have  seen  all  types  of  units  or  know 
their  relative  contributions  or  their  microtiistribution  within  the 
tissue. 

Grinnell  (1963a,  b,  c,  d)  has  given  us  a  series  of  thorough  studies 
of  the  behavior  of  evoked  potentials  in  bats  at  dilferent  levels  of  the 
auditory  system  and  1  select  here  only  some  features  for  mention.  The 
evoked  potential  is  chiefly  an  onset  response  but  is  nevertheless  quite 
dependent  for  its  detailed  form  upon  the  frequency  composition 
of  the  tone.  It  is  also  very  sensitive  to  slight  changes  of  intensity, 
down  to  0.2  to  0.5  db.  A  few  hundred  cycles  of  difference  in  frequency 
around  50  kh/  produces  a  distinguishable  alteration  in  the  form  of  the 
resjHjnse.  The  evoked  potential  is  preferable  to  the  unit  spike  te 
cording  for  the  study  of  latent  (>eriod  and  recovery  after  a  condition¬ 
ing  stimulus  since  the  response  is  more  consistent.  The  bat  is  highly 
specialiicd  for  time  resolution  of  auditory  signals  and  shows  ex¬ 
tremely  rapid  recovery  with  nearly  complete  temporal  resolution 
down  to  less  than  1  msec  of  interval  between  two  clicks.  I'his  recovery 
is  better  at  low  intensity  stiiaulaiiun  and,  surprisingly,  at  higher 
levels  of  the  auditory  system.  Indeed,  at  higher  levels  there  is  a  period 
following  the  first  tone  pip  when  the  response  is  muie  excitable  than 
normally,  even  at  periods  as  short  as  1.5  to  2  msec.  I'hc  case  of  $|>c- 
cial  interest  for  die  normal  behavior  of  the  bat  is  the  case  of  high 
intensity  sound  simulating  the  bat's  own  cry  and  a  low  intensity 
second  sound  like  the  normal  echo.  Recovery  is  still  remarkably  good 
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Khrn  tlic  lii  't  soiiiul  is  40  to  50  tlb  stronger  titan  the  sctoiul;  the  kc- 
ond  tone  gives  1!5  to  50  per  cent  rcs|)onse  at  I  to  2  msec  interval. 
Clearly  thcic  is  tciitral  piocesring  betwccit  the  hrtt  and  the  later 
auditory  tetiters  whit  It  enhances  the  sensitivity  to  subsccpieiit  sounds. 

Anothci  cviilcme  of  central  processing  is  in  the  improvement  of 
directional  sensitivity  from  lower  to  higher  centers.  Sensitivity  to  the 
diicctiun  of  a  source  of  round  is  important  for  the  bat  and  is  highly 
developed;  the  inuximum  difference  between  the  most  sensitive  direc¬ 
tion  and  the  least  sensitive  direction  is  front  40  db  to  68  db  in  some 
exjKrinients.  Some  single  units  at  higher  levels  have  shown  a  differ¬ 
ence  in  threshold  of  as  imtcli  as  9  db  (ter  degree  of  arimuth. 

The  central  processing  involved  in  directionality  is  also  relevant  to 
the  resistance  to  jamming,  which  is  another  evidence  of  specialization 
for  the  echoloca  lion  employed  by  these  animals.  Sharp  tuning  of  many 
units  is  no  doubt  a  major  part  of  jamming  icsistancc;  tuning  can  be  as 
sharp  as  35  db  per  khz.  This  can  be  combined  with  the  sensitization 
brought  about  by  the  first  tone  pip  and  with  the  directionality  and 
binaural  interaction,  especially  at  higher  centers,  that  will  reduce  the 
effect  of  a  noiic  soinxc  coinii’.g  fiom  a  different  direction. 

A  bat  and  a  dolphin  are  about  as  dramatic  a  contrast  as  the  mam¬ 
mals  offer— in  size,  habitat,  appendages-and  attractiveness  to  man. 
Yet  it  was  basically  a  similarity  trclwccii  them  that  led  a  group  of 
Japanese  and  a  group  of  Ameriiaii  scientist'i,  of  whom  I  was  one,  to 
ccllaboi  ate  on  the  first  scries  of  clecirophvsiological  recording  studies 
on  cetaceans,  using  the  recently  developed  breakthrough  in  anesthesia 
of  these  difficult  animals  (Nagel  ct  al,  1964).  That  similarity  is  the  use 
of  echolocaiion  to  delect  objects  and  find  and  discriminate  prey,  the 
use  of  ultrasonic  frrqncni  ics,  short  click-like  sounds,  rapid  and 
sop!iisiic.>iL'i'  Mii:ilysis  cif  SUL,, ids  and  the  jxisscssion  of  large  and 
elalmrate  hiain  regions  associated  with  aiulitory  functions.  I  he  kind 
and  degree  of  hy|>ertrophy  in  different  regions,  from  medulla  to  col¬ 
liculus,  to  geniculate,  to  cortex  is  quite  different  in  chirontcrans  and 
cetaceans,  and  the  overall  brain  development  is  mostly  greater  in 
dolphins  than  in  bats.  Dolphins  arc  highly  vocal  animals  and  use  a 
repertoire  of  sounds,  probably  largely  for  social  comnuniication, 
that  is  one  of  the  widest  and  must  varied  in  the  animal  kingdom. 

All  this  makes  an  cxaiiiinaliun  of  the  pliysiolugical  capacities  and 
specializations  of  the  auditory  centers  of  the  dolphin  brain  a  must 
desirable  objective.  I  want  to  tell  you  briclly  what  we  learned  in  two 
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short  KMsoDs  oi)  the  roa.it  of  ilic  loi  Pcniiixila  in  j.«)>in)  where  mmv 
fret*  of  doljiliiiis  ate  i aught  loiiiiiieri  iaily  fui  I*hh1  am  -  ire  wnc  nijlc 
to  tio  i.  g(MMl  wriei  of  iiioic  than  Ifl)  aniinali.  '1  lie  full  tejini  i  ha.i  just 
a|>|>caicit  and  gives  details  of  icdiiiiqucs  lor  solving  the  formidable 
problems  of  anesthesia,  surgery,  clertrmle  plaicniciit,  iimlci water 
stimulation  aiul  so  on  (flullot  k  et  al,  1908). 

\Vc  ronecnlrated  for  this  Inst  study  on  an  intermediate  level  of 
the  audiloiy  pathway,  i  c,  the  interior  eollieiihis  and  imelcns  of  the 
lateial  lemnisens  (Fig  !1).  ‘I'hesc  aie  midbiain  eeniei.s.  Ilighei  levels 


Fuaiar:  II.  Diiigiain  of  reimtliiig  elcrtoHle  in  in  ilir  inferior  ro). 

lliuhis  (I'C)  ol  the  ilolpliin.  sJinwiiiR  nietliiHl  i>l  appto.iili.  '1  he  cIciixKlr 
(detail)  was  inserted  iliriiiigli  the  sinallesi  «■(  iliiee  lonieinin  niciiil  n)h,.i 
dcsigiieil  (o  ludcl  die  wlinle  assciuhly  in  plate  on  the  iiieiniti.iiioiis  teliuiiuin 
and  |K'liiiil  free  adiaint'incnl  o(  the  eleilifHle.  (From  lltilliMk  ei  al,  liXiH), 

(gcnieiilate  or  eortex)  wotdri  iiie.in  stuh  a  high  degice  of  io|H)gi  a|>hie 
sorting  out  iliai  it  would  Ire  difliiidl  to  do  two  ex|R'i intents  alike 
liefoie  making  a  eoinpletc  map.  Ixrwer  levels  are  hkviy  to  show  less 
of  the  speeialiiatiun  (or  protcsserl  input  that  we  were  interested  in 
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^1#*,  . 

iwvPk*.  Ift-  f\<  \*i  «v  IV  M\  ••  U#  itf  «*l«l  I  IIIIIIUII  '  uuip<uil 

(Sienrlln)  colli*  iibr  evoked  (Miirniial.  With  tone  |)i|>i  ul  ihc  Mine  lic^ueiuy 
khi,  O.S  nun  duiaiion,  0.1  iiiirc  riw  and  dr*  ay  tiinri),  rreuvery  ol  re- 
iponio  (o  the  tc'cond  of  iwo  tiimuli  ii  |ilottcd  ai  a  fuiuiion  of  interval,  when 
the  iiinuiii  were  of  eijual  inieniiiy  (SO  dh  aliuve  ihirthold,  or  '1'  -f  SO),  and 
wlien  the  hrii  wat  10,  30,  ami  40  db  louder  than  the  Kcond.  Note  that 
although  a  louder  firtt  itiniuhiv  dt>rt  piolung  dr|)TrHion  of  a  Kiuiid  re- 
■pome,  mover)'  ii  itill  lonsiderabic  at  2  Hirer  interval  when  the  run  ii  40 
db  inoic  iiitriire.  Note  alv>  the  dip  in  the  retovery  time  at  3  inici,  pre- 
tuinjl)l)  te|iie»enting  rlnnt  leiiii  inhibition  iiiiiei iin|Miied  on  relrai lurincti 
of  mr|itor  rieiiieniv.  H,  (lonip.iiablr  ineaniteinrnli  diowing  iri|>onvivriicti 
to  a  rir<  ki />  ligiial  following  ex|Hiruir  at  dilfrirnt  intrrvalt  to  an  earlier 
itiinnltii  of  40,  riO,  00  ami  7<*  k« />.  hoMi  rliinuli  in  the  pair  were  choten 
lo  be  30  db  above  tliictliuld  at  their  rcr|Kitive  (rcrjiiciu  iei.  (Kruiii  Bullock 
etal,  1968). 
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i(U(Iyin){  The  niiilhiai;i  prnvril  to  l>e  an  rxt^ttrnt  tompromiic,  nidi 
a  target  we  eoulU  hit  and  a  «uiii|><ninti  evukcti  |Kitrii(ial  in  fci|Mni»e 
to  auiluhlc  aoitmis,  that  rhowed  a  gratifying  rlrgiee  of  ir(>eatal)ility 
in  sutccuivc  f.  ajv  t  inir  nii. 

An  cicitrodc  in  the  infeii<ir  toMimlut  tt^oids  a  fail  and  romplex 
icrics  of  waver,  upicKiiliiif;  activity  in  a  [Hipidation  of  wrll  syntftro 
ni/cil  nrnrons.  1  he  rniii|Knind  rcspoiiici  of  many  uiiilr  making  up 
the  evoked  imtcncia]  often  rfuiwi  more  lulrtlc  icijrunM's  to  siimtiKii 
rundilionk  than  linglr  nniir,  ar  well  ar  shuit  l.'.teiRy,  eailiei  teiuvcty 
and  a  better  !am|)lr  from  whir  h  to  judge  the  toimd  ficipirm  y  range 
of  the  animal'i  hearing. 

I'hc  perforriiainr  of  the  dolphiit  midbrain  potentials  is  reiirark- 
able  ('om|iare<i  toorrlin.ny  lalurtatory  mantnials  but  rmnli  like  that 
of  the  bat.  First,  the  iiiuvciy  u  so  lapitl  that  a  suhstantial  to  a  nearly 
lotnpleic  rcs|Kiiise  ran  be  obtairred  to  the  setund  of  two  elitki  only 
one  niiiliscioiid  or  less  after  the  lint  one  (Fig.  12),  and  it  will  follow 
a  train  of  tiitki  up  to  2000  per  second.  The  reijKmse  is  extremely 
phasic  and  bi  ief  and  is  just  as  giHhl  to  a  tone  bur  st  O.-S  nis.  in  diiiation 
as  to  (me  of  4  or  mote  ms.  1  hough  not  sensitive  to  duration,  the 
evoked  potential  is  sensitive  to  rhatiges  in  rise  time  and  this  in  a  very 
fast  range,  0.1  to  10  mr.  It  is  also  sensitive  to  the  freqitemy  within  a 
luttc  pip  even  when  the  duration  is  urtly  0.1  nts.,  therefore  rorttaining 
oitly  2  to  10  cycles.  In  critaitt  raiq’cs  the  anrplttudc  and  form  of  the  po¬ 
tential  is  highly  seii'itive  to  changes  in  sound  intensity  ns  sntall  as  I 
(lb.  The  range  of  cfTedive  fietpieiiitcs  extends  at  least  ttp  to  15.')  khz 
aitil  best  frequencies  arc  usually  around  40  kh/.  Wave  form  is  marked¬ 
ly  altered  not  ntrly  by  freejitcruy  but  by  the  rattge,  rate  attd  direction 
of  frequency  ZlsOiila  latioii.  •(  is  also  altered,  without  necessarily  any 
attenuation,  by  subtle  rhaitges  in  the  (prnlrty  of  souirds,  as  by  a  thin 
{>a|)er  screen  held  (Fig.  13)  at  a  critical  place  near  the  face.  Masking 
by  certaiir  frcipieiicics  and  c$|>eciaily  by  white  noise,  is  piuminent. 

In  afiuri,  the  system  is  highly  developed  for  rapid,  high  frequency, 
brief  sound  stimuli  and  for  small  differences  Isctwccn  such  stimuli, 
l  ire  dol])hin  has  trecn  shown  behaviorally  to  ccholocaie.  The  sire- 
cialirations  arc  itt  many  ways  similar  to  those  of  bats  but  we  have 
prulialtly  oirly  stratched  the  sirrfatc;  iit  particular  we  will  doubtless 
ftiid  other  parts  of  the  system  s|>ccialiied  rttorc  for  the  longer,  lower 
frequency  sounds  of  social  cunimuntcatiorr  than  for  Urc  clicks  and 
echos. 
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Figure  13.  Evoked  potentials  from  the  midbrain  of  the  dolphin,  Stenella, 
showing  the  sensitivity  of  waveform  to  distortion  of  the  sound  field.  A  piece 
of  thin  notepaper,  10x15  cm.  was  held  2  cm.  from  the  skin  over  the  portion 
of  the  head  indicated.  Head  and  loudspc'ker  were  in  air.  Tone  pips  of  50 
khz,  0.5  ms  in  duration,  abrupt  rise  and  fall  y^licks)  at  0  db,  repeated  at  20 
per  second,  delivered  by  speaker  on  animal’s  right.  Recording  electrodes  in 
both  left  and  right  sides  of  the  brain;  64  sweep  samples  averaged  for  each 
line;  two  successive  averages  superimposed;  time  of  full  sweep  equal  32 
msec.  (From  Bullock  et  al,  1968). 


Incidentally,  we  found  the  surprising  fact  that  the  receptive  field 
does  not  converge  on  the  external  ear.  The  most  sensitive  region, 
mapped  with  a  small  roving  .>ound  source  (animal  and  source  either 
in  air  or  in  water),  is  the  side  of  the  mandible  opposite  the  midbrain 
whose  response  is  being  used  as  endpoint;  the  next  sensitive  is  over 
the  ipsilateral  melon  (forehead)  (Fig.  14).  The  cone  of  reception  is 
much  narrower  and  steeply  falling  off  than  in  ordinary  mammals. 
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Ficuat  14.  P'.itejn  of  sensitivity  of  an  individual  StentUa  to  sound  produced 
by  a  hydrophone  pressed  against  the  head  surface  at  the  points  shown.  The 
numerical  values  represent  attenuation  at  threshold;  therefore,  the  largest 
numbers  represent  greatest  sensitivity.  Contour  lines  are  drawn  at  intervals 
of  5  db  in  sensitivity.  Recording  was  from  the  inferior  colliculus.  Note  that 
sensitivity  was  greatest  along  the  side  of  the  contralateral  mandible  (except 
for  under  the  tongue),  and  on  the  ipsilateral  melon.  (From  Bullock  et  al, 
1968). 


These  examples  have  been  chosen  to  indicate  about  where  we  are 
today  in  understanding  biological  sensors.  They  illustrate  a  hetero¬ 
geneous  and  irregular,  shifting  frontier.  We  can  be  confident  not 
only  that  many  of  our  ideas  and  interpretations  today  will  prove  to 
be  wrong  but  that  new  types  of  questions  and  mysteries  will  continue 
to  emerge  faster  than  old  ones  are  cleared  up. 
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IX.  Recent  Advances  In  Organic 
Fluorine  Chemistry 

Joseph  D.  Park 

The  field  of  organic  fluorine  chemistry  was  given  a  great  impetus 
ill  the  United  S»-»tes  by  the  pioneering  work  of  the  late  Drs.  Thomas 
Midgley  and  Albert  H.  Henne  who  were  instrumental  in  starting  tlie 
fluorocarbon  refrigerant  and  propellant  industry. 

Serendipity  has  always  played  an  important  part  in  chemistry.  Let 
us  take  the  above  case  leading  up  to  the  development  of  the  Freons— 
the  non  toxic,  nonflammable  refrigerant  now  universally  used  in 
electrical  refrigeration  and  air  conditioning.  In  1929,  Midgley,  the 
inventor  of  Ethyl  gas,  and  Henne,  his  assistant,  were  called  upon  by 
Charles  F.  Kettering  of  the  General  , Motors  Research  Corporation  to 
And  a  substitute  for  sulfur  dioxide,  a  toxic  and  corrosive  chemiial 
then  in  use  as  a  refrigerant.  An  error  in  the  literature  led  these  men  lo 
the  use  of  CC12F2,  now  known  as  Refrigerant-12,  as  the  desirable  sub¬ 
stitute.  From  this  first  pound  of  Freon  made  in  1929,  United  States 
production  reached  over  600  million  pounds  for  the  year  1967.  More 
than  two-thirds  of  this  tonnage  is  presently  utilized  as  aerosol  propel¬ 
lants  for  products  necessary  for  milady's  vanity  and  convenience. 

Again,  the  long  arm  of  coincidence  and  serendipity  played  a  repeat 
performance,  as  if  on  demand,  in  the  case  of  Teflon.  True,  Teflon  was 
an  accidental  discovery,  but  it  was  Dr.  Roy  J.  Plunkett's  curiosity  and 
persistence  which  eventually  paid  off. 

He  and  I  were  assigned  to  the  same  project— the  syntheses  of  new 
fluorine  refrigerants  at  du  Pont.  As  an  intermediate,  he  had  to  synthe- 
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size  and  store  tetraHuoroethyIcnc  in  a  pressure  cylinder.  This  com¬ 
pound,  which  boils  at  — 80“  C.,  was  previously  reported  to  be  in¬ 
capable  of  undergoing  polymerization.  After  about  six  months’  stor¬ 
age,  Dr.  Plunkett  had  occasion  to  use  the  gas  again.  When  he  opened 
the  valve  on  the  inder,  no  gas  evolvetl.  Many  of  us  would  have 
discarded  (he  cylinder  as  being  empty.  However,  Dr.  Plunkett  had  a 
good  record  of  the  net,  tare  and  gross  of  the  cylinder,  which  told  him 
that  the  cylinder  was  not  empty.  Suspecting  a  clog  in  the  valve,  we 
cooled  the  cylinder  in  liquid  nitrogen  and  unscrewed  the  valve, 
which  was  found  to  be  unclogged.  Looking  down  into  the  cylinder 
with  the  aid  of  a  flashlight,  we  found  a  dense  white  deposit  in  the 
bottom.  In  order  to  secure  the  material,  the  cylinder  had  to  be  cut 
open  with  a  hacksaw.  Thus,  out  of  a  research  for  new  refrigerant.s 
came  the  unsought-for  mil  aclc  polymer.  Teflon,  which  survived  many 
abortive  attempts  to  bring  about  its  demise. 

Lest  one  gets  the  impression  that  all  important  advances  and  de¬ 
velopments  in  chemistry  are  the  result  of  serendipity,  we  must  not 
forget  that  the  key  is  that  the  researcher  must  retain  at  all  times  a 
sensitive  curiosity  which  is  stimulated  to  examine  these  unexpected 
results. 

Wonderful  serendipity  had  previously  reared  its  beautiful  head  in 
the  synthesis  of  tetrafluoroethylene— the  monomer  so  necessary  for  the 
production  of  Teflon.  Starting  out  on  a  program  based  on  a  hypoth¬ 
esis  which  later  proved  to  be  incorrect,  I  first  began  to  study  the 
pyrolysis  of  various  fiuorinated  compounds.  Availability  of  the  start¬ 
ing  materials  determined  the  order  in  vshich  the  various  compounds 
were  to  be  subjected  to  this  study.  Only  the  first  four  compounds 
studied  yielded  economically  desirable  products,  among  them  being 
tetrafluoroethylene,  a  product  which  we  were  not  looking  for.  This 
method,  first  carried  out  in  1939,  is  still  in  use  as  the  major  process 
for  the  synthesis  of  tetrafluoroethylene— another  windfall  and  un¬ 
looked  for  "spin-off.”  This  one  product  gave  organic  fluorine  chem¬ 
istry  the  biggest  boost,  not  only  in  economics,  but  also  by  giving 
greater  impetus  to  fundamental  research  in  fluorine  chemistry. 

This  material  has  been  the  basis  for  the  production  of  not  only 
Teflon  but  also  for  Viton-A,  Poly  HFP,  Fluorcl,  Krytox,  E-Fluid, 
material  of  great  economic  importance,  as  well  as  of  scientific  interest. 

Another  accidental  discovery  was  that  of  "sqiiaric  acid"  in  our 
laboratories  at  the  University  of  Colorado.  I  first  passed  up  this  most 
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interesting  material,  chemically  known  as  1,  2-dihydroxy-3,  -l-cyclobu- 
tenedione,  which  one  of  my  students,  Dr.  Cohen,  had  accidentally 
prepared,  Preliminary  examination  showed  this  comjK>und  to  be 
devoid  of  any  fluorine  atom.  I  told  him  to  let  it  lie  since  we  just 
couldn't  be  caught  synthesizing,  even  accidentally,  a  non-nuorine- 
containing  organic  molecule.  Eventually,  however,  we  allowed  this 
material  to  see  the  light  of  hemical  day  in  order  to  justify  Dr.  Cohen’s 
doctoral  dissertation.  It  may  be  ironical  that  if  posterity  is  to  remem¬ 
ber  both  Dr,  Cohen  and  me  for  our  chemical  contributions,  it  may 
well  be  for  our  discovery  of  "squaric  acid”— a  non-fluorinated  product 
emanating  from  a  laboratory  devoted  to  fluorine  chemistry.  Such  is 
serendipity. 

At  this  point,  it  may  also  be  quite  apropos  to  introduce  the  steps 
leading  to  the  filament  formation  of  Nylon-4,  Study  of  this  new 
polymer  was  being  carried  out  by  one  of  my  students.  Dr.  Pavlow.  All 
attempts  to  draw  filaments  were  unsuccessful.  One  day,  a  stirring  rod 
was  accidentally  left  in  the  polymer  dissoh  cd  in  formic  acid.  Several 
days  later,  in  pulling  out  the  stirring  rod  from  the  sticky  mess,  we 
obtained  filaments  which  could  be  oriented  and  therefore  economic¬ 
ally  useful.  This,  we  later  found  out,  was  how  Dr.  Julian  Hill  of  the 
du  Pont  Company  first  obtained  a  filament  from  Nylon-6  polymer 
which  made  economically  feasible  the  great  new  synthetic  textile 
field. 

We  first  embarked  on  the  syntheses  of  leactive  monomers  for  poly¬ 
merization  studies  ott  the  l)asis  of  a  seminal  suggestion  by  P)ofc»»or 
Paid  Floiy,  than  an  advisor  for  AFOSR.  He  suggested  that  a  hetero- 
atom  in  the  fluorocarbon  backbone  should  be  of  some  help  in  ]«c- 
paring  elastomers  with  desirable  low  and  high  temperature  proper¬ 
ties.  Studies  on  this  basis  led  researchers  to  the  development  of  fluor- 
inated  nitroso  rubbers.  My  group  at  the  University  of  Colorado  con¬ 
tributed  quite  significantly  to  the  synthesis  of  CF,— N— O  which 
copolymerized  with  CFj=CFa  to  lead  to  the  elastomeric  nitroso 
product. 

It  is  our  belief  tltat  it  is  in  this  pregnant  field  of  fluorine  endeavor 
that  eventual  solution  of  the  sealant  program  for  the  supersonic 
transport  (SST)  will  be  made. 

With  this  historical  treatment  as  the  prologue,  we  will  now  con¬ 
sider  the  various  chemical  facets  relating  to  some  recent  advances  in 
organic  fluorine  chemistry  under  the  following  headings: 
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I. )  The  utilization  of  photochemical  and  thermal  reactions  leading 
to  new  synthetic  routes  to  unsaturated  {rolycyclic  compounds  contain¬ 
ing  polyfunctional  groupings  in  highly  fluorinated  com|>ounds. 

II. )  Recent  advances  and  progress  in  the  reaction  of  polyfluoro- 
cycloalkenes  with  various  nucleophiles  and  the  probable  pathways 
of  the  reactions. 

The  above  methods  lead  to  the  syntheses  of  new  compounds  useful 
as  intermediates  capable  of  undergoing  further  reaction,  i.e.,  poly¬ 
merization,  tcloinerization,  etc. 

A.  Synthesis  and  Chemistry  of  U nsaturated  Polycyclic 
Fluorocarbons 

The  early  work  in  this  field  is  that  of  Park  and  Frank’*  ”-''  "*  covering 
the  chemistry  of  the  bicyclobutyl  derivatives  of  the  following  type: 

r,  AV  ''i  where  XzrH  or  F.  In  this  series  of  studies  we 

t<a. 

showed  how  the  various  compounds  were  synthesized  by  a  process 
involving  co-dimerization  under  thermal  conditions. 

l-Chloro-l,2,2-trifluorethylene  (F1113)  adds  to  1,1,4.4-tetrafluoro- 
butadiene  (I)  in  good  yield  to  form  l-(/3,/3-diRuoro)-vinyl-2,3,3,4,4- 
pentafluoro-2-chlorocyclobutane  (II).  No  diadduct  was  obtained  in 
this  reaction  at  160°  or  220°  C. 


1  n 


Similarly,  1,1-dichloro  2,2-difluorocthylene  (F112A)  codimerizes 
with  I  to  afford  l-(^,(J-difluoro)vinyl-2,2-dichloro-3,3,4,4-tetrafiuoro- 
cyclobutane  (III)  in  varying  yields.  The  yield  of  III  was  39%  when 


FU'OniNU  CHEMOiTHY  211 


the  reaction  was  conducted  at  205°  but  rose  to  93%  at  220°.  In  addi¬ 
tion  to  III  and  1 1 12A  dimer  a  substantial  high  boiling  fraction  (137- 
160'’)  is  obtained  in  thisexjierinicnt.  I  bicc  coinponents  wck  isolated 
frotn  this  fraction  whose  sttiiclure  cannot  be  determined.  1  he  ho|)cd 
fur  diadduet  of  1 1 12A  and  I  was  not  present  in  the  mixture. 

Dehydrohalogcnation  of  the  vinyl  cyriobiitane.s,  11  ami  111,  h.is 
been  the  subject  of  extensive  investigation.  As  reported  previously, 


both  compounds  react  with  KOH  in  mineral  oil  but  yields  arc  uiiter 
tain  with  considerable  fsolymeriration  or  decomposition  and  loss  of 
both  HF  and  HCI  occurs  to  give  a  mixture  of  products  (IV,  V,  VI). 

The  reaction  of  If  with  KOH  in  ethanol  gives  a  very  complex  mix¬ 
ture  of  the  three  (wssiblc  dienes  (IV,  V,  VI)  (HF  and  HCI  elimina¬ 
tion)  (~35%)  and  at  least  ten  ethers  (•'65%).  Although  a  complete 
analysis  of  this  complex  mixture  was  impossible,  some  com|>onents 
were  identified.  An  interesting  major  product  (-11%)  was  assigned 
the  structure  Vll  on  the  basis  of  its  IR  and  mass  $|H'ctra.  It  might 
arise  from  F  *  attack  on  II  or  addition  of  HF  to  IV.  The  major  ether 


product  (~I7%)  has  tentatively  bccti  assigned  structure  VIII.  1  his  is 
based  largely  on  the  IR  spectrum  as  a  molecular  ion  is  absent  in  the 
mass  spectrum.  Most  of  the  products  arc  highly  reactive  diene  ethers 
and  are  unsuitable  for  analysis. 

Reaction  of  HI  with  KOH  and  ethanol  similarly  gives  a  mixlur': 
of  products.  Two  unsatiiratcd  ethers  and  one  satuiatcd  cthet  were 
isolated  in  addition  to  the  diene,  V.  Data  collected  on  these  ethers 
has  not  yet  allowed  structure  assignments. 

Several  other  dehydrohalogen  ition  mediums  were  investigated  in 
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hu|K's  of  obtaining  exclusive  dchydrochlorination  in  good  yield.  Tri- 
cthylaniinc  reacts  violently  with  111  even  if  highly  diluted  and  at 
—  7ti"C.  Pyi  idinc  and  aniline  react  less  violently  but  with  appreciable 
distoluratiun  or  {><>lyuit'i itation.  Aniline  might  react  suitably  in  cold 
dilute  solutions.  Dilute  aqueous  KOH  again  gave  HK  and  HCI  elim¬ 
ination  in  a  slow  reaction.  Hydrolysis  for  degradation  caused  rapid 
base  depletion  and  a  poor  rctoveiy  of  fluorexarbons.  Silver  oxide  in 
DMF  and  diglyinc  gave  mixtures  of  products  in  low  conversion. 

Silver  oxide  in  ethanol  is  the  Irest  solvent  yet  tlisctivcred  for  the  dc- 
hydrohalugcnation  of  III.  I'he  reaction  is  complete  under  mild  con¬ 
ditions  and  affords  the  diene.  V,  in  r»r>%  y  iclil  and  l-(|tf,/j  diHuro-/&- 
cihoxy)  ethaneyl-2-chloruie'raiiuorocyclobuicne  (IX)  and  l-(/9-nuoro' 


»  X 


// cthoxyl-vinyl-2-chlototctraHuororyclobutenc  (X)  in  25  and  20% 
yields  lesjtectively.  X  has  been  shown  to  be  the  irans  (H-F)  isomer  by 
proton  NMR.  No  cis  isomer  is  prcHhiced.  Since  IX  is  not  stable  with 
res|>cc  t  to  X  utulcr  the  reaction  conditions  it  must  be  concluded  that 
X  results  front  nucleophilic  attack  on  the  diene,  V.  This  is  confirmed 
quantitatively  by  monitoring  the  ratio  of  the  two  prcMiucts  as  the 
reaction  progresses.  The  reason  tor  such  an  attack  giving  rise  to  trails 
X  exclusively  is  unclear. 

liivestigaiiuns  on  the  hycliolysis  of  the  ethers  IX  and  X  were  con¬ 
ducted.  Trcamient  of  either  comjKiuiid  with  concentrated  sulfuiic 
acid  resvjis  in  a  rapid  and  quanlitalivc  conversion  to  1-carboxy- 
nicthyi-2-chloro-.9,  ,1, 4,4  letrafluorocyclobutene  (XI). 


A  cixlinierizaiion  of  the  mixed  dienes  obtained  from  dehydrohalo- 
genatioii  of  II  with  Ucnclroii  1 1 13  led  to  a  comj)lex  mixinre  as  antici¬ 
pated.  A  sid)s(aniial  |M>rtion  of  the  dienes  was  recovered  imreacicd 
and  no  cyclobutencylcyclobuianes  were  oliscrved.  Two  bicyclobu- 
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tciics  were  in  the  {irorhirt  mixture  rrjiiltiiig  from  thermal  drhyclro- 
fluorinatiui)  of  the  nri<i%ing  adi!tu(».  Other  |>i(xhu(s  may  he  present 
and  finiher  invest igariutis  arc  in  ptogiess.  1  he  lowest  Ixiiliitg  addnit 
has  l)cen  assigned  sli  iieiiitc  VII. 

Cl  r  Cl  Cl  p  Cl  p 


This  is  supported  by  the  ma.ss  sjK.'ciruni  (ni/c  =  S02  with  one  Cl), 
partia*  analysis  and  an  IK  s|K'<iritm  showing  a  strongly  ronjugalcd 
unsyinnictrit  al  diene  system.  I  he  seioiid  addiu  t  eollci  ted  has  Irecn 
assigned  a  strurciire.  It  is  2,2'-diihluiuu(  tanuorobi(y(  Inbiitenc.  A 
third  isumerie  component  has  been  isolated.  Its  IR  spectrtnn  and 
melting  point  distinguish  it  from  the  preceding  compound.  Con- 
sidenation  of  possible  products  leads  to  ilic  conclnsion  that  the  r  om- 
iHJUiid  has  strut  tore  XIH  or  XIV.  Fluorine  NMR  will  serve  to  dis- 
tingtiish  between  these  possibilities. 

A  rodimeriratioii  between  Gcnctron  III2A  and  thcriicne,  III,  was 
also  carried  out  but  lus  not  yet  been  wuiLcd  up.  Considerable  im- 
reacted  diene  was  recovered. 

A  significant  advance  in  the  synthesis  of  (lie  title  cunifiounds  has 
l>een  acrom|)lished  by  S.  K.  Choi  of  this  Laboratory  in  a  reanion  in 
whicli  l-iodo-2-chlorotetra(luorocyt hrbutene  has  Iwcn  tonplcti  on 
passing  over  hot  cv)pi>er.  Studies  have  indicated  the  iieeil  for  a  long 
contact  time  and  a  trace  of  DMF —  as  a  catalyst.  Yields  arc  nearly 
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qiiaiiiitative  with  complete  conversion  with  siifhcicni  contact  time 
over  cop|)cr  |>owdct.  The  2,2'  dichloi(HH  ialluoiobicycIf>hiitenc  (XV) 
obtained  has  been  the  subjei  t  of  nuiiicrons  additional  studies. 

This  was  made  jmssihlc  liy  our  sliscovoiy  of  a  new  ineihotl  of  pre¬ 
paring  vinylic  iodo  comjKiunds  prepared  by  the  following  sequence  of 
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reactioni.  In  addition  to  the  thermal  icactiun  of  ,  the  ultra- 


violet  iiiadiatioii  of  [~rU  over  mercury  yielded  .  Sim¬ 


itar  tuu|)ling  reiulir  wcic  obtained  from  the  loireipoiidiii);  diiodo 
jK'rlluor<H  y(  luhexcnr. 

'l'hc<kr  vinylit  inuuoiodo  and  diiodo  roin|>nundr  gave  ns  an  eiiity 
to  coin|H}undj,  hcictoforc  unknown  and  inatecuiblc,  through  the 
isolation  of  the  corresponding  vinylic  mono  lilhio  and  diliihio  or- 
gani<  <lei iiativcs. 

rite  preparation  of  the  cyclic  vinylithiuin  reagents  was  a'coni- 
plished  by  treating  either  l-iodo-2  halo|H;rHiU)t(Hy«  loalknu  $  witli 
iiu  thyl  lilhiuni  in  ether  at  — 7rt'\  Snbsctjncni  ticatmeiu  with  either 
dry  it  e  or,  more  preferably,  w  ith  gaseous  carbon  dioxide  yielilcd,  after 
hydrolysis,  the  corresjKnuliiig  carboxy  derivatives, 

Not  surprisingly,  lilhiuni  halogen  exchanges  were  tonliiicii  exclu¬ 
sively  to  the  vinylic  iodu  and  brumo  subsliiucnts.  Indeed,  the  chemical 
literature  is  licrcft  of  any  references  to  tluoro  or  chloro  substiliients 
entering  into  halogen  metal  interchanges  except  in  highly  specialized 
instances.  Treatment  of  the  l.Zdiiodocycloolcfins  with  two  equiv¬ 
alents  of  melhyllitliium  in  ether  at  — 78°  afforded,  interestingly,  the 
dilithio  specie— characterized  by  their  conversion  to  the  coi  respond¬ 
ing  diacide  derivatives.  In  contrast,  treatment  of  1,2-dibroiiiotetra- 
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fluorocyclobutenc  I  with  excess  etliylmagnesinm  bromide  in  ether 
rciwrtcdly  yields  none  of  the  analogous  di  Grigtiard  reagent.  In  the 
following  chart  is  given  a  schematic  flow  diagram  of  some  of  the 
reactions. 
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'I'lic  liillio  (Irrivaiivcs  have  also  Iktii  u(ili/ril  lo  |>ii-|)air  ollirr  oi- 
gaiiuinctallic  1  he  following  iiiciIkxI  of  j>ie|>ji.i(ioii  for 
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The  reaitioMJ  of  <a, with  oilier  iiiulcophiles  have  also 

hecii  investigated  and  the  Hsnits  foninl  iiiteiesling  ami  wotthy  of 
fui  ti  er  studies.  Other  nucleophiles  arc  being  studied. 
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1  here  eycloalkcnc  diiodidcs  also  uiidcigo  thermal  rcaeiions  in  the 
presence  uf  cop{KT  lu  yield  herciuforc  unavailable  fused  aromatic 
derivatives  cotuainiiig  fluorine. 
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The  chemistry  of  these  tompounds  is  now  under  study.  Due  to  the 
large  cluster  of  fluorine  atoms  in  the  fused  ring  system,  the  aroma¬ 
ticity  of  the  benzene  nucleus  should  be  lessened  and  also  it  should 
be  possible  to  prepare  the  radicalanion  of  compounds  of  this  type. 

Utilization  of  similar  cydoalkcncs  with  pendant  functional  groups 
should  lead  to  the  synthesis  of  compounds  of  the  following  type: 


This  or  similar  compounds  should  have  interesting  polymeric  prop¬ 
erties. 
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A  major  portion  of  the  work  deKribed  above  was  tarried  out  by  Messrs.  Bruce 
Nakata,  H.  E.  Romine,  S.  K.  Choi  and  Clarence  Bertino,  To  them  and  to  my  other 
students  should  go  must  of  the  credit. 

B.  The  Reaction  Of  Halogenated  Cycloalkenes  with 
Nucleophiles 

Although  the  reaction  of  aiicyclic  polyhalogenated  olefins  with 
nucleophiles  has  been  studied  since  the  late  nineteen-forties,  a  co¬ 
hesive  explanation  of  the  experimental  data  was  not  available  until 
recently.  E.  W.  Cook'*  and  J.  R.  Dick'”  rationalized  the  products  of 
alkoxide  displacement  on  polyhalogenated  cyclobutenes  in  terms  of 
the  staoilization  of  a  discrete  carbanion  intermediate.  The  inter¬ 
mediacy  of  carbanions  in  these  and  similar  reactions  has  been  as¬ 
sumed  by  all  subsequent  workers  in  this  laboratory,  even  though 
attempts  to  trap  these  carbanions  have  failed  thus  far. 

INTRODUCTION 

The  reactions  of  halogenated  aiicyclic  olefins  with  nucleophiles 
have  received  considerable  attention  in  the  last  decade.*  Enough 
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work  has  now  been  carried  out  to  warrant  a  review  and  to  attempt 
to  encompass  the  available  data  within  a  general  mechanistic  inter¬ 
pretation.  This  review  is  concerned  chiefly  with  the  most  extensively 
studied  class  of  nucleophiles,  the  alkoxide  ion,  although  several  other 
nucleophilic  species  will  be  examined  briefly  in  the  concluding 
section. 

GENERAL  MECHANISTIC  CONSIDERATIONS 

The  generally  accepted  mechanistic  interpretation  of  nucleophilic 
substitution  reactions  of  fluoroolefins  involves  a  bimolecular,  rate¬ 
determining  carbanion  formation,  a  concept  first  advanced  by  Miller^ 
in  rationalizing  the  base-catalyzed  addition  of  alcohols  to  chlorotri- 
fluoroethylene.  The  following  mechanism  has  been  proposed  as  a 
compromise  between  a  concerted  displacement  of  vinylic  halide  and 
an  addition-elemination  of  hydrogen  halide,  the  differentiation  be¬ 
tween  which  cannot  be  made  on  the  basis  of  available  data. 


ELECTRONIC  DIRECTIVE  EFFECTS 

Although  the  consequences  of  electronic  control  of  nucleophilic 
attack  on  halogenated  cycloalkenes  arc  well  documented,  the  mechan¬ 
ism  of  this  electronic  control  is  somewhat  more  subtle.  A  useful 
criterion  for  predicting  the  course  of  alkoxide  attack  on  halocyclo- 
alkenes  has  evolved  from  the  reaction  scheme  illustrated  above.  Com¬ 
parison  of  the  relative  stability  of  carbanions  arising  from  nucleo¬ 
philic  attack  on  an  asymmetrically  substituted  olefin  indicates  that 
products  are  generally  derived  from  the  more  stable  intermediate, 
e.g.,  formation  of  the  more  stable  carbanionic  intermediate  deter¬ 
mines  the  direction  jf  attack.  Implicit  to  this  conclusion  is  the  as- 
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sumption  that  the  transition  state  leading  to  the  carbanionic  inter* 
mediate  closely  resembles  the  charged  species  in  question,* 

There  is,  however,  an  increasing  bulk  of  evidence  which  has  ac¬ 
cumulated  indicating  that  this  piomise  must  be  modified  to  rational¬ 
ize  the  behavior  of  vinyclic  fluorine.  The  susceptibility  of  a  fluorine¬ 
carrying  carbon  toward  attack  by  nucleophiles  has  been  attributed 
to  a  mesomcric  drift  of  electron  density  to  the  pi-system;  the  inability 
of  an  a-fluorine  to  stabilize  the  negative  charge  of  a  carbanionic  inter¬ 
mediate;  and  attack  at  the  more  electropositive  (fluorine-carrying) 
carbon.  Although  the  intramolecular  cosppetitions  discussed  in  this 
review  cannot  distinguish  between  these  possibilities,  there  is  strong 
evidence  that  the  reactivity  of  fluorine  reflects  a  special  activation  of 
vinylic  F  and  not  a  deactivation  of  the  alternate  site  of  attack. 

When  a  mixture  of  chloroheptafluorocyclopentene  and  1,2-di- 
chlorohcxafluorocyclopentene  were  allowed  to  compete  for  an  in¬ 
sufficient  amount  of  alkoxide  ion,  l-chloroheptafluorocyclpsentene 
was  found  to  react  to  the  near  exclusion  of  the  latter.®*  Since  the  rela¬ 
tive  stabilization  by  substituents  fi  to  the  negative  charge  ("/J-cffects”) 
actually  favor  the  carbanion  not  involved**  and  the  o-stabilization 
(“a-cffects")  are  identical,  the  results  support  the  concept  or  ground 
state  activation.  The  s[>ecd  and  exothermic  nature  of  these  reactions 


fit  the  Hammond  conditions  for  a  transition  state*  more  closely  rc- 

*  Although  a  discrete  carbanion  may  not  actually  be  involved  in  these  reactions, 
the  transition  state  leading  to  a  concerted  displacement  of  halide  would  presum¬ 
ably  possess  considerable  bond  formation  between  the  attacking  alkoxide  and 
relatively  slight  bond  cleavage  between  the  carbon  and  the  leaving  halogen,  a 
conclusion  in  agreement  with  the  generally  accepted  concept  of  transition  states 
for  other  reactions  at  unsaturated  centers  of  low  electron,  density  such  as  carbonyl** 
and  phosphoryl.** 

**  It  has  been  demonstrated  that  a  ^-chlorine  is  superior  to  a  ^-fluorine  in 
stabilization  of  a  carbanionic  intermediate.  For  a  more  detailed  examination  of 
/S-substituenc  effects  on  product  distribution,  see  page  226. 
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scmbling  the  cycloalkene  than  the  products  or  intermediates.  The 
first  step  is,  thus,  rapid  and  independent  of  the  relative  stability  of 
the  carbanioii  being  formed.  The  reversibility  of  this  first  step;  e.g., 
the  possibility  of  the  anion  proceeding  to  product  through  the  slow 
step,  cannot  be  excluded  at  present. 

It  should  also  be  noted  that  in  many  of  the  cxanijiles  cited  in  this 
review,  attack  at  the  more  electron  deficient  carbon,  presumably  the 
carbon  bearing  the  more  electronegative  halogen,  would  lead  to  an 
order  of  reactivity  similar  to  that  predicted  by  relative  carbanion 
stability. 

A  spectra  of  examples  falling  between  the  two  extremes  may  well 
exist  where  both  factors  contribute  to  the  observed  result  and  where 
relatively  minor  changes  in  structure  of  the  reactants  may  have  a 
marked  effect  on  the  course  of  the  reaction. 

STERIC  DIRECTIVE  EFFECTS 

In  contrast  to  the  wealth  of  data  proving  electronic  differences 
between  halogen  substituents  vital  in  halide  displacements,  only 
limited  evidence  is  available  concerning  the  possible  role  of  stcric 
factors. 

Park  and  Coates'**  have  investigated  the  reaction  of  various  alk- 
oxides  with  I*bromo'2'chlorotetrafluorocyclobutene  and  found  no 
significint  differences  in  ether-product  distribution.  These  results  sug- 
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getit  steric  differences  of  the  halides  to  be  of  minimal  importance  in 
halocyclobutene-alkoxide  reactions  but  do  not  necessarily  exclude 
steric  interactions  at  the  a-carbon  if  the  assumption  is  made  that  the 
effective  bulk  of  the  two  halogens  is  similar;  e.g.,  unequal  solvation 
of  the  two  halogens  and/or  the  interatom  C-X  distance  increases  at  a 
rate  equal  to,  or  faster  than,  the  increase  in  Van  der  Waals  radius 
ofX.* 

In  a  similar  fluorocarbon  system,  Mill’*  and  co-workers  observed 

*A  timiUr  argument  has  been  advanced  by  Brown  and  Klimiach*  in  the 
rationale  of  £-2  elimination  reactions. 
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ihc  reactivity  of  l  alkoxy-2-chlorohexafluorocyclopcntcne  toward  at¬ 
tack  by  a  2°  amine  to  be  in  the  order  MeO’>EtO'>>iPrO‘,  and 


concluded  that  this  order  must  be  associated  with  steric  hindrance 
at  the  double  bond.  Caution  must  be  exercised  in  equating  these  re¬ 
sults  with  those  of  Coates  as  this  displacment  of  halide  with  rearrange¬ 
ment  could  conceivably  arise  from  a  concerted  pathway  differing 
from  that  of  vinylic  displacement  of  halogen. 

Coates  and  Park’”  also  investigated  the  reaction  of  l,2-dichloro-3, 
3-dialkoxydifluorocyclobutene  with  alkoxide  and  found  that  the 
ratio  of  2, 3, 3-triether  relative  to  1,3,3-triether  increased  from  0.89 
to  3.5  when  methoxide  was  employed  in  place  of  ethoxide,*  a  result 


consistent  with  a  steric  effect 

Unfortunately,  similar  data  arc  not  available  concerning  attack 
on  compounds  possessing  dissimilar  /9-halogens. 

Conclusions  based  on  this  evidence  are  tenuous  but  do  suggest  chat 
stereochemical  factors  may  influence  the  reaction,  particulaily  wlicn 
electronic  effects  arc  of  the  same  magnitude. 

Subsequent  Course  of  the  React.’on 

If  a  discrete  intermediate  is  involved  in  these  reactions,  the  sub¬ 
sequent  course  of  the  reaction  should  be  dependent  only  on  the  nature 
of  the  substituents  in  the  /3-positions.  Results  obtained  with  cyclo¬ 
butenes  and  cyclopentenes  substantiate  this  view  that  the  more  elec¬ 
tronically  favorable  loss  of  halide  cKcurs;  the  order  of  leaving  group 
ability  being:  I>Br>Cl>F.* 
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In  cases  where  the  halide  is  the  same  at  both  /S-positioni  relative 
to  the  carbanion,  there  is  often  a  close  competition  depending  on 
the  otlier  substituent.* 


Tatlow  and  co-workers*  have  found,  however,  that  additional  fac¬ 
tors  must  be  considered  with  the  cyclohexencs  where  both  "inward" 
(vinylic  displacement)  and  "outward"  (displacement  with  rearrange¬ 
ment)  loss  of  fluoride  occurs  from  methoxidc  ion  attack  on  nonaflu- 
orocyclohexenes.  They  concluded  that  the  data  could  best  be  ex¬ 
plained  on  the  basis  of  a  trans  addition  of  nucleophile  with  retention 
of  configuration  of  the  carbanion  formed  during  the  short  lifetime. 
Product  distribution  results  from  the  competition  between  electron¬ 
ically  favored  "inwards"  elimination  of  F  from  >C(F)OR  and  stereo- 
chemically  favored  trans-"ouiward"  elimination  of  F  from  >C(F)F. 


—  w  -i*'  -r/,.r 

—  taj  -r*.  ^c. 

—  VC/Iff  3B. 


Since  stereochemical  opposition  to  cis-coplanar  eliminations  ("in¬ 
ward"  eliminations  in  these  examples)  has  been  shown  to  be  much 
less  in  fluorocyclopentenes  and  butenes  than  in  cyclohexenes,  one 
would  expect  this  criterion  to  become  important  only  with  cyclo- 
hexenes. 

Alternatively,  vinylic  displacement  and  displacement  with  rear¬ 
rangement  may  not  proceed  through  a  common  intermediate,  the 
conformational  requirements  for  a  S142'  being  improved  in  the  more 
flexible  ring  system. 

SYNTHESIS  OF  MONOETHERS 
X=:F 

Park,  Sharrah  and  Lacher**  were  the  first  to  react  a  cyclobutene 


22S  VISTAS  IN  SCIENCE 

with  alkoxidc  ion  as  they  found  that  mcthoxidc,  ethoxide,  n-propox- 
ide  and  n-butoxidc  ion  displaced  (stepwise)  both  vinylic  fluorines  in 


perfluorocyclobutcne. 

Stockel,  Bcachem  and  Nfegson**  re{>orted  similar  results  with  the 
perfluorocyclopentene  system.  However,  a  recent  reinvestigition  of 

r  <31;^  <31""'-^  0:^  - 

this  work  by  Tatlow  indicates  that  4%  of  3-methoxyheptafluorocyclo- 
pentene  is  formed  in  addition  to  the  previously  reported**  I-methoxy 
isomer.  Similarly,  a  trace  of  a  compound  believed  to  be  S-methoxy> 
pcntafluorocyclobutene  was  detected  in  the  analogous  cyclobutene 
reaction.  In  the  cyclohexenyl  system,  formation  of  the  3-methoxy 
ether  appears  to  compete  favorably  with  that  of  the  I-methoxy  ether. 


X  =  C1 


The  first  chloroethcr  was  synthesized  by  Park,  Snow  and  Lachcr** 
from  1,2-dichloroietrafluorocyclobutene.  A  similar  result  in  the  cyclo- 
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-c/ 
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t  a 
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pentyl  system  was  reported  by  Latif***  and  Shepard.**" 


Dissimilar  Vinylic  Halogen 

The  reactions  of  chloropentafluorocyclobutene  and  1-chlorohepta- 
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fluorocyclopentenc  have  been  studied  by  Lorenti'^  and  Edrlson,’* 
respectively,  with  exclusive  displacement  of  lUioridc  ion  observed  in 
both  cases.  Bromononafluorocyclohexene  yields  a  mixture  of  mono- 
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ethers  resulting  from  "inward"  and  "outward"  F  elimination  follow¬ 
ing  attack  at  the  fluorine  bearing  trigonal  carbon. 

The  reaction  of  {rcrhalotycloalkenes  with  viii/lic  halogens  other 
than  fluorine  present  one  of  the  strongest  arguments  for  a  common 
mechanistic  interpretation  of  these  reactions.'’  The  relative  amounts 
of  monocthers  isolated  is  in  agreement  with  o-substituent  effects  on 
carbanion  formation  ob.served  in  other  studies. 
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A  similar  ratio  of  mono  vinylic  ethers  was  observed  with  1-bromo- 
2-chloroociafluorocyrlohexene  although  this  reaction  is  complicated 
by  the  foimation  of  several  fractions  of  longer  g.i.e.  retention  time, 
presumably  arising  from  initial  "outward"  expulsion  of  fluoride  fol¬ 
lowed  by  rapid  subsequent  displacement  of  fluoride  to  yield  the  1,  3- 
diethoxy  ethers.'* 


VINYLIC  SUBSTITUENTS  OTHER  THAN  HALOGEN. 
FORMATION  OF  MONO-,  DI-,  AND  TRIETHERS. 

The  reactions  of  1-alkoxy  ^rerfluorocycloalkcncs  are  noteworthy 


I 
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in  that  of  ihc  over  forty  tydoalkcncs  studied,  they  arc  the  only  ones 
to  yield  1,2-dialkoxyetherssvith  excess  alkoxidc  ion.*-  ** 


No  Vinylic  Fluorines  Present 

The  reaclion  of  l-chloro-2-alkoxypcrHuorocycloalkencs  with  addi¬ 
tional  alkoxidc  leads  to  the  formation  of  1,3,3-triethers,  the  first 


C-SiK. 

II 

c- tr/ 
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reported  example  being  synthesised  by  Park,  Snow  and  Lather  from 
lcthoxy-2-chlorotetrafluoro(ytlobutcnc.'* 

The  analogous  reaction  with  l,2  dichlorohcxafluort)cyclopcnkjne 
was  investigated  by  Shepard  and  co-woi  kers*”>  who  projMrscd  the  1, 
3,3  tricihcr  structure  in  preference  to  the  previously  reported  1- 
chloro-2,8,3-trialkoxy  ether.** 

The  reaction  mccha5''jsm  was  believed  to  have  proceeded  via  an 
Sjs2'  displacement  lathcr  than  a  5^2  displacement  of  allylic  fluorines 
because  of  the  isolation  of  the  extremely  reactive  diether  by  McBee 
and  co-workers.**  A  vinylic  fluorine  is  highly  reactive  to  alkoxidc  ion 
and  is  seldom  isolated  under  basic  conditions. 


Park,  Dick  and  Lather*®-  •*  positively  eliminated  the  allylic  dis¬ 
placement  mechanism  by  reacting  l-cthoxy-2-chlorotelrafluorocycJo- 
butene  with  meihoxide  ion. 
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Drier,  Duncan  anil  Afill'*  rcfieatrd  the  rx|>crinicnt  in  the  five 
mrnibcieiJ  ring  series  and  obtained  the  same  result.  'I'iicy  (Hrititcd  out 
that  (he  data  did  not  distinguish  between  an  or  a  stepwise  for¬ 
mation  via  a  carbanion  intermediate  mechanism  but  professed  their 
belief  in  the  latter. 

Other  2-haIo  l.3,3'tricl}iera  tJiat  have  been  synthesized  are  the  fol¬ 
lowing. 
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ViNvi.tc  Hvnaor.r.N,  Alkvi..  ano  Akvl  SoBsiiruKNis 

Ethoxide  attack  on  l-hydro(>entafluuTocyciOuuiciu  results  in  dis¬ 
placement  of  vinylic  fluoride.**  When  the  vinylic  halide  is  chlorine, 


•SIT 


pi:. 


however,  attack  occurs  at  the  hydrogen  bearing  trigonal  carbon.** 


Oo 


Treatment  of  l-chloio-2  phenyltetranuorocyclobutcne  with  meth- 
oxide  leads  to  displacement  of  vinylic  chloride,  a  result  consistent 
with  the  stability  of  <>-phenyl  stabilized  carbanion.* 

'‘r-r*  --.■rr-ir' 


Although  alkylhalofluoroolefins  give  rise  to  competing  l.^f-elimi- 
nation  of  HF  with  vinylic  halogen  other  than  fluorine,*  *•  displace¬ 
ment  of  vinylic  fluoride  docs  proceed  smoothly  with  1-ethyIhepia- 
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fluoroLyclopentrne*  suggesting  tliat  the  energy  requirements  for  at¬ 
tack  at  the  clilorinc  bearing  carbon  in  l-chluro'2-eihylhexafluoru- 
cyclopciiiene  are  lo  markedly  higher  that  l.^  eiimination  can  com¬ 
pete  successfully  with  halide  displaie-mcnt.  Cunvcisely,  one  may 


argue  that  the  a-chinrinc  has  lowered  the  energy  of  the  transition 
stale  for  the  1,-f-eiimination.  Both  explanations  may  well  be  related 
to  the  observed  results. 

Analogous  displacement  of  vinylic  fluorine  from  1-hydro-  and  1- 
incthylnonalluuiutyiluhcxenc  were  reported  by  Tatlow  and  co  work- 


IX 


ers*  although,  as  with  other  displacements  in  cyclohexenes,  consider¬ 
able  amounts  of  products  resulting  from  "outward"  elimination  of 
fluoride  tun  were  isolated  along  with  the  I  hydro-2  tueihoxy-  and  I- 
methyI-2-mcthoxyoctafluorocyclohexenes,  respectively. 


Similar  Vinvlic  Halogens  and  Dissimilar  Allylic  Substituents 

The  direction  of  alkoxide  attack  on  cyclobutencs  with  chlorines 
in  both  vinylic  positions  has  been  shown  to  be  influenced  by  the  sub¬ 
stituents  !!!  1.1  e  allylic  or  /9  position.* 
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The  above  results  were  interpreted  as  showing  that  substituents 
stabilirc  the  MUcrincdiate  carbaiiiun  in  the  order  CL>K>OCH*>H. 
A  previously  ntetitiuncd  /V  theihoxy  group  is  large  enotiglt  to  lause 
a  steric  hiiidiaiicr  and  thus  ap)>cars  nioie  elTcctive  than  the  ilitinoro 
group  at  tuntrollitig  the  ethoxiile  ion  attack.  Wheihei  the  direc  tive 
iiinueiKc  is  elccitonie  or  steric  is  not  yet  clear  as  |>ointed  out  in  the 
Cijeof  the  different  ^  halogens  on  pages  219  and  22.H. 

Ethuxide  attack  on  1,2,3.9-tetraRuorocyciobutenc  apparently  yields 
?  single  nionoethcr,  1 -ethoxy, 2.S,.1trinuor«Kyrlobutcncs.**  A  similar 
selectivity  is  exhibited  in  eihoxide  attack  on  l,2,S,3.4  tctrafluorocyclo- 


butene.**  These  results  have  considerable  significance  since  they 
imply  a  profound  effect  by  yff  substituents  on  the  course  f'f  reaction 
even  in  the  case  of  vinylic  fluorine. 


Dissimilar  Vinylic  and  ALtyttc  SLBsrrroE.NTs 


Whenever  fluorine  has  been  at  one  of  the  vinylic  |>ositions,  alkox- 
ide  attack  has  occurred  at  that  peuition  regardless  of  the  nature  of 
the /9  substituents. 
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The  latter  example  is  of  interest  as  it  shows  the  fluoride  ion  leaving 
from  only  the  /3-CHF  group  and  leaving  the  /5-CF(OEt)  group  intact. 

In  other  cases  with  no  vinylic  fluorine,  alkoxide  attack  is  directed 
by  the  a-substituents. 
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The  last  two  reactions  are  particularly  noteworthy  as  they  are  the 
only  examples  to  date  of  the  limiting  case  where  both  =  and  /3-sub- 
stituents  contribute  their  influence  on  product  distribution. 

Of  interest  is  the  similar  magnitude  of  the  two  effects 


NUCLEOPHILES  OTHER  THAN  ALKOXIDE 

The  available  experimental  data  are  far  more  limited  in  these  cases 
but  the  results  obtained  have  generally  paralleled  those  obtained  with 
alkoxide.  The  most  interesting  deviations  occur  when  complex  metal 
hydrides  and  organometallic  reagents  are  employed  although  these 
may  be  a  reflection  on  the  metal  ion  present  rather  than  the  nucleo¬ 
philic  species. 

The  following  examples  are  not  intended  to  constitute  an  exhaus¬ 
tive  review  of  the  subject  but  do  demonstrate  the  generality  and 
limitations  of  the  alkoxide  data  when  applied  to  other  nucleophilic 
species. 


Sulfur  Containing  Nuclf.ophiles 

Addition  of  n-butylmercaptan  to  perfluorocyclobutene  yields  sat- 


!ar 


:Ul 


urated  products  in  addition  to  products  resulting  from  displacement 
of  vinylic  halogen,  products  which  can  best  be  accounted  for  on  the 
basis  of  successive  addition-elimination  sequences.^** 
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Sulfur  attack  occurs  exclusively  in  the  base-catalyzed  reaction  of 
2-mercaptoethanol  with  hexafluorocyclobutenc.*® 


S-e\ct^OAi 


en^cf^ot/ 


Nitrogen  Containing  NucLEorniLES 

The  reaction  of  hexafluorocyclobutene  with  dialkylamines  yields 
stable  tertiary  perfluorocyclobutenylamines.®'**  Arylamines  failed  to 
add  under  similar,  uncatalyzed  conditions. 

The  reactions  of  perhalocycloalkenes  with  ammonia  and  primary 
cumines,  however,  yield  derivatives  of  l-amino-2-halo-3-iminoperflu- 
orocycloalkenes. 


m/^ 


'c  X 


*  Although  a  rigoruuj  structure  proof  was  not  undertaken,  the  1 2-iminoamine, 
jj— p  /vw/f  ,  was  suggested  in  reference  26. 


Two  competitive  reaction  paths  are  available  in  this  reaction;  1,4- 
climination  of  HF  or  additional  attack  by  amine.  The  isolation  of 
the  1,3-iminoamine  from  the  reaction  of  perfluorocycloalkenes  sup¬ 
ports  the  latter  conclusion  since  all  previous  work  in  these  systems 
indicates  that  the  remaining  vinylic  fluorine  would  be  displaced 
preferentially. 
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Analogous  results  h.’ve  been  reported  by  McBee*®  concerning  the 
reaction  of  both  1.2-dichlorohexafluorocyclopentcnc  and  octafluoro- 
cyrlohexene  with  hydroxylamine.  The  isolation  of  the  1,3-imino- 
hydroxyamine  from  octafluorocyclohcxene  was  cited  as  supporting 
the  1,4-elimination  pathway. 

tC  m  fra/ 

The  similarity  of  these  reactions  to  the  hydrolysis  of  perhaloolehns 
with  potassium  hydroxide  in  polar  aprotic  solvents®'  and  the  1,4- 
elimination  of  hydrogen  fluoride  from  l-chloro-2-alkylperfluorocyclo- 
alkcnes  by  alkoxide  ion®®  is  apparent  since  a  1.4-elimination  is  ap¬ 
parently  the  prepared  pathway  in  each  case. 

Only  in  the  reaction  of  l-chloio-2-chlorofcrmylhexafluorocyclo- 
pentene  with  ammonia  has  the  initial  substitution  product  been  iso¬ 
lated  with  a  primary  amine  or  ammonia  as  the  nucleophile.®®  Hydro¬ 
gen  bonding  with  the  carboamide  group  may  serve  to  retard  sub¬ 


sequent  dehydro.^uorination  in  this  example.®* 

McBce's  report*®  that  the  reaction  of  1,2,3, 3-tetrachloroterafluoro- 
cyclopentene  with  hydroxylamine  gave  only  2,3-dichloroteiranuoro- 
cloptnt-2-eneone  oxime  is  contrasted  to  Adams’**  findings  concern¬ 
ing  alkoxide  attack  on  l,2.3,3-tetrachlorodiiluorocyclobi)tene. 

Carbon  as  the  Nucleophile 

The  reactions  of  haloalicyclic  olefins  with  organolithium  and 
Grignard  reagents  are  characterized  by  competing  halogen-metal 
interchange  reactions  when  vinylic  bromine  or  iodine  are  present  in 
the  molecule. 

Treatment  of  l-bromo-2-chlorotetrafluorocyclobutene  with  ethyl- 
magnesium  bromide,  for  example,  yields  the  cyclobutenyl  Grignard 
reagent.**  A  similar  exchange  followed  by  loss  of  magnesium  halide 
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may  be  involved  in  the  rapid  decuiiiposition  of  l-bromoperhalocyclo- 
pentenes  with  ethylmagncsium  bromide  or  magnesium  turnings.' 


1 


Metallation  may  also  occur  in  preference  to  nucleophilic  displace¬ 
ment  of  halide  ion  as  in  the  reaction  of  nonanuorocyclohexene  with 
methyl  lithium.*® 

Only  with  chlorofluoro-  and  perfluoroalyicyclic  olefins  do  the  re¬ 
sults  obtained  with  organomctallic  reagents  parallel  those  with  alkox- 
ide.  Park  and  Fontanclli*®  found  that  generally  high  yields  of  mono- 
alkylated  olefins  were  obtained  with  Crignard  reagents  and  the  per- 
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haloolefin  and  similar  results  have  recently  been  demonstrated  with 
the  analogous  cyclopentenes.®  Substantially  lower  yields  of  mono- 
and  di-substitution  products  had  previously  been  obtained  with 
organolithium  reagents.*^ 

Preferential  displacement  of  vinylic  fluorine  in  l-chlorohepta- 
fluorocyclopeniene  was  obtained  in  the  reaction  with  ethylmagnes- 
ium  bromide,®*  a  result  in  agreement  with  preferential  displacement 
of  fluoride  by  alkoxide  in  this  compound. 


When  l-alkyl-2-chloroperfluorocycloalkenes  are  treated  with  ad¬ 
ditional  Crignard  reagent,  displacement  of  vinylic  chlorine  occurs 
along  with  the  "expected"  displacement  with  rearrangement.  Both 
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cyclobutencs  and  cydopcntenes  yield  mixtures  of  products  although 
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the  amount  of  rearranged  alkene  is  greater  with  the  cyclojjentcncs.-'’'* 
The  extent  to  which  solvent  effects,  steric  bulk  and  metal  ion  par¬ 
ticipation  affect  these  reactions  is  uncertain  at  present.  These  re¬ 
actions,  along  with  similar  ones  encountered  with  metal  hydrides,  may 
well  constitute  examples  where  both  ground  state  and  intermediate 
stabilities  play  an  important  role  in  directing  the  course  of  reaction. 


Metal  Hydrides  as  Nucleophiles 

Facile  displacement  of  halogen  by  metal  hydrides  occurs  in  a  man¬ 
ner  generally  consistent  with  alkoxide  attack  on  similar  compounds 
although  several  striking  anomalies  have  recently  been  reported. 

Lithium  aluminum  hydride  and  sodium  borohydride  displace 
vinylic  fluorine  from  perfluorocycloalkenes  in  the  manner  predicted 
from  alkoxide  studies  but  there  is  substantially  less  product  result- 
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ing  from  "outward”  elimination  of  fluoride  ion. 

Subsequent  attack  on  the  1-H  compounds  takes  place  almost  ex- 
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clusivcly  at  the  2-carbon  to  give  chiefly  the  l,2-<lihydropcrfluorocyclo- 
alkcnc>® 

Initial  substitution  on  l,2-dichloro|}ernuorucy(ioalkenes  results  in 
displacement  of  vinylic  chlorine  but  subsequent  reaction  of  the  chlo- 
roalkenc  with  additional  hydride  leads  to  a  mixture  of  products 
arising  from  attack  at  both  the  hydrogen  and  chlorine  bearing  car- 
irons  in  a  manner  similar  to  that  of  Grignard  reagents.  Burton**  has 
suggested  several  factors  which  may  contribute  to  this  behaviour:  a 

simple  steric  effect  svith  the  larger  nucleophile,  a  solvent  effect,  or  an 
active  participation  of  the  metal  atom  (B,  Al)  in  the  displacement 
reaction. 

Perhaps  even  more  striking  is  the  preferential  displacement  of 
chlorine  from  both  l  chloro-5,5-dihydropentafluorocyclopentene  and 
l-chloro-6,6-dihydrohcptafluorocyclohexcnc  by  lithium  aluminum 
hydride.*®  Exclusive  displacement  of  fluorine  occurs  in  the  reaction 
l  chloro-2,3,3-trifluorocyclobutene  and  cthoxidc  ion. 

The  reaction  of  1-chloroheptafluorocyclopentene  with  lithium 

n  « 

aluminum  hydride,  however,  does  lead  to  the  same  result  as  alkoxide 
attack:  displacement  of  vinylic  fluorine.** 
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X.  Miionium 

Vernon  \V.  iluciiES 

I  UNDERSTAND  THAT  THE  rrntral  jljcme  of  The  Thirteenth  AFOSR 
Science  Seminar  is  Uic  interdisciplinary  nature  of  much  of  modern 
science.  Muoniuni  is  an  excellent  example  of  a  toj>ic  with  inier- 
disci|>linary  as|K;(ts.  Kcsratch  on  muoiiiuin  started  about  eleven 
years  ago  when  parity  nunconservatiun  wat  discovered  and  it  is  still 
active. 

Nfuonium  is  the  atom  consisting  of  a  i>osilivc  muon  and  an  elec¬ 
tion  and  hence  can  be  considered  as  an  isotope  of  hydrogen.  Muon- 
ium  is  of  great  interest  in  several  subficltls  of  physics  and  chem- 
istiy,  including  elementary  particle  physics,  atomic  physics,  and 
chemical  physics.  First,  it  is  the  simplest  system  involving  the  imion 
and  the  electron  and  hence  is  the  best  one  for  studying  with  precision 
the  interaction  of  these  two  elementary  particles.  The  muon  is  a 
particuU>'ly  mysterious  particle  because  it  apjscars  to  behave  in  all 
rcsjrects  like  a  heavy  electron  and  hence  there  apj>cars  to  be  no  inter¬ 
action  which  could  account  for  the  large  value  of  the  muon  < 
relative  to  the  electron  mass.  It  thus  occupies  an  anomalous  role  in 
the  spectrum  of  the  elementary  particles.  \Ve  have  been  able  to  study 
the  clectroiuagnctic  interaction  of  the  electron  and  the  muon  through 
a  precise  measurement  of  the  hypcrfinc  structure  interval  in  the 
ground  state  of  muonium.  .Second,  since  inuonium  is  a  light  isotope  of 
hydrogen  in  which  the  positive  muon  replaces  the  proton,  muonium 
has  a  rich  chemistry  and  its  interactions  with  other  atoms  and  mole¬ 
s' ekno/v  IV.  HUGlItS  is  Proftssar  of  PhysUs  «(  YaU  University  and 
from  1961  to  1967  u'at  Chairman  of  the  Physics  Deparlminl.  His  present 
researches  are  in  elementary  particle  physics  and  in  atomic  physics.  £ighl 
years  ago,  he  and  three  associates  discovered  the  rrtuoniiim  atom — an 
etciraordiriary  new  atom— -in  an  experiment  performed  at  the  Srvis  Lab¬ 
oratories  of  Columbia  University.  He  has  been  a  consultant  to  the  Los 
Alamos  Scientific  Laboratory,  the  Ook  Ridge  A'alionaf  Ixtboratory,  the 
NAS.i  Institute  for  Sftace  Studies  and  for  industry.  In  addition  to  Yale, 
he  has  served  on  the  faculties  of  Columbia  Uriiversily  and  the  University 
of  Pennsylvania. 
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rules  li.ivc  Ikcii  suulicd.  1  bird,  muonium  provides  a  useful  system 
fur  study  iiig  rcriuiii  ns|>etu  of  the  weak  imcraciion  of  the  imum  and 
the  elcttion,  in  paitic-ulur  a  possible  weak  interaction  coupling 
nuiuniuui  to  aniinuiuninin,  wtiiih  is  the  alum  consisting  of  a  nega¬ 
tive  inuui)  and  a  positron. 

Maaai  -  (206.767  *  0.003) 

Chargat  -f  a 

aplni  I  -  1/2 

Magnatlo  Moment!  -  3.18338  t  O.OOOU 

OyroBtegnetlo  Ratlot  >  2(1.001162  1  0.000005) 

Llfetlnie  (mean}i  -  (2.2000  t  0.0015)  pseo 

Ficum  I.  Properiieiof  Porilive  Muon. 

Figure  I  li:iis  the  properties  of  the  positive  muon.  Its  mass  is  well 
known  .and  is  about  207  times  the  electron  mass.  The  ihaige  of  the 
jHisitive  muon  is  the  same  as  the  position  chaigc.  1  he  spin  is  i/j  and 
the  magnciit  moment  is  somewhat  mure  than  .H  times  the  piuinn 
magnetic  moment.  The  g  value  is  gicatci  than  2  by  the  aiiomaluns 
magnetic  moment  f.ittor,  aiul  the  excellent  agieemrnt  betsveen  the 
cx|)ciinicntal  and  theoretical  values  of  the  anomalous  magnetic 
ninmcnt  factor  provides  the  most  critical  proof  that  the  muon  is  a 
heavy  Uirac  particle  with  the  usual  coujsling  to  the  electromagnetic 
field.  The  mean  lifetime  of  the  imion  is  2.2  «scc. 

'1  he  tool  fur  studying  muuniuni  is  provided  by  parity  nonconser¬ 
vation  in  (he  weak  interactions  involved  in  the  production  and  decay 
of  (he  muon.  (See  Fig.  2)  1  he  positive  pi  meson  decays  into  a  positive 
muon  and  a  muon  type  neutrino.  In  the  rest  frame  of  the  pion  the 
muon  s|nn  angular  momcimim,  indicated  by  the  double  line  arrow, 
is  in  the  direction  up|>osilc  to  its  linear  iiiumenium,  indicated  by  the 
single  line  arrow.  This  coriclatiun  of  spin  direction  and  velocity 
direction  is  a  consetpience  ol  parity  nuiuonsci vation  and  provides 
us  svith  polarized  muons.  The  positive  muon  decays  into  a  ]>usilrun 
and  two  neutrinos  with  a  cunliimuus  position  energy  s|>cetiinn  ex- 
icinling  up  to  .'>2  MeV.  1  he  angular  disti  ibmioii  of  the  |)osition5  with 
lesjsecl  to  the  muon  spin  diiection,  I,  4  (ff),  is  asymiiictiic  tine  to 
parity  nuncunservation.  Ihc  quantity  &  is  the  angle  between  the 
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I«+  (d )  a  I  A  cot  ® 

Kicimc  2. 1)c(  ayi  of  pioii  anil  of  iiiuoii. 

muon  spin  direction  and  the  direction  of  emission  of  the  positron 
and  A  is  approximately  +V;i.  s'>  positrons  arc  emitted  prefeicntially 
along  the  iiiuoii  sjiiii  diicciioii.  'Hus  chaiacteristic  of  tlic  muon  decay 
provides  titc  means  for  detecting  the  muon  spin  direction. 

FORMAIION 

The  gross  energy  levels  of  muonitim  as  given  by  the  Schroedingcr 
cc(uation  are  the  same  as  those  of  hydrogen  except  for  a  slightly  dif¬ 
ferent  reduced  mass  factor  in  the  Rydberg  constant.  Figure  3  shows 
the  energy  level  diagram  for  the  hy|K'rfmc  stiuciuic  levels  in  the 
ground  1  *S^  state  of  muonium.  Energy  in  units  of  the  hyperfinr 
structure  (hfs)  interval  is  plotted  as  a  function  of  a  dimensionless 
parameter  x,  which  is  projrartional  to  m.ignetic  held.  At  zero  mag¬ 
netic  field  there  arc  two  levels— the  ujrper  trijilet  state  svith  total 
angular  momenluni  cpiaiitunr  number  F  —  I  and  the  lower  singlet 
slate  with  F  irz;  0,  The  energy  separation  is  the  hfs  internal  which  is 
due  to  the  magnetic  interaction  between  the  spin  magnetic  moments 
of  the  electron  and  the  muon.  In  the  presence  of  an  external  mag¬ 
netic.  field  H  the  tiiplet  slate  splits  into  its  three  magnetic  subsiatcs 
designated  by  the  magnetic  ipiantuin  number  Mr  with  the  values 
-|-1,0  and  —1.  At  strong  magnetic  fields,  where  the  magnetic  inter¬ 
action  of  the  clccirun  and  muon  magnetic  moments  w  ith  tlic  external 
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field  is  large  compared  to  the  hro  interval  (x  >  >  1),  the  energy  levels 
are  as  shown  and  the  good  (pianiuin  numbers  arc  Mj,  the  magnetic 
((uaiituin  niimbei  for  the  electron  spin,  and  Mu.  the  magnetic  tpian- 
tuni  number  for  muon  spin.  The  states  are  numbered  from  1  through 
4  for  convenience. 

^fuon^um  is  fonned  when  positive  muons  are  stopped  in  a  gas.  It 
is  formed  directly  in  its  ground  state  by  the  capture  of  an  electron 
from  an  atom  by  a  positive  muon.  ,'\rgon  has  been  used  in  most  of 
our  experiments; 

-f-  Ar— »  ti+c*  -h  A.r+ 

This  capture  reaction  has  a  maximum  cross-section  for  a  muon 
kinetic  energy  of  about  200  eV.  Because  the  muons  are  polarized  and 
the  charge  capture  reaction  is  pi  imaiily  due  to  the  Coulomb  inter¬ 
action,  which  does  not  alter  the  muon  spin  direction,  polarized  muon- 
ium  is  formed.  Thus,  if  wc  have  a  strong  magnetic  field  opposite  to 
the  direction  of  the  muon  beam  and  hence  in  the  direction  of  the 
muon  spins  so  that  =  -i  Vj.  then  only  the  two  states  (Mj,M^)  = 
(^1/2, ^1/2)  and  (—V^. +*/!>)  are  formed.  One-half  of  the  muonium 
atoms  formed  will  be  in  each  of  these  states.  In  a  weak  magnetic  field 
polarized  muonium  is  also  formed.  However,  in  weak  magnetic  fields 
is  not  a  good  quantum  number  and  the  hfs  interaction  will  par- 
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Figure  5.  Energy  level  diagram  of  the  muonium  ground  I  ^Sj  ^  state  in  a 
magnetic  field. 
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tially  depolarize  the  muons,  so  the  distribution  in  the  low  field  (P.M^) 
states  will  be  (1.1)  =  1/2,  (1,0)  =  1/4,  (1,-1)  =  0,  and  (0,0)  =  1/4. 

The  original  search  for  niuonium  involved  the  attempt  to  observe 
its  characteristic  Larmor  precession  frequency  in  a  weak  external 
magnetic  field.  The  Larmor  precession  frequency  fi,  of  a  magnetic 
moment  m  associated  with  an  angular  momentum  Fh  in  an  external 
magnetic  field  H  perpendicular  to  m  is  given  by: 


fe  = 


Fft 


In  weak  field  the  only  muonium  state  formed  that  has  a  magnetic 
moment  is  the  triplet  state  (F.Mp)  —  (l.+  l).  Since  the  magnetic 
moment  is  approximately  the  electron  spin  magnetic  moment  and 
F  =  1, 

^  =1.40HMc/sec 

Figure  4  shows  the  schematic  diagram  of  the  experiment.  All  our 
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i'looRii  4.  Lxpcniiiental  arrangement  for  muonium  formation  cxjrcriments. 
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experiments  have  been  done  at  the  Columbia  University  Nevis  syn¬ 
chrocyclotron.  The  380  MeV  proton  beam  strikes  an  internal  target 
forming  »+  mesons  which  decay  to  positive  muons,  and  an  external 
meson  beam  is  formed  with  a  momentum  of  about  HO  McV/c.  The 
meson  beam  has  ir^  and  mesons.  I'iic  pions  are  stopped  in  an  ab¬ 
sorber  and  muons  with  energies  up  to  several  MeV  enter  an  argon 
gas  target  svith  a  pressure  of  some  50  atm.  The  muon  loses  energy  by 
ionization  and  excitation  of  Ar  atoms  and  forms  muonium  stably 
with  kinetic  energies  in  the  keV  range.  The  muonium  is  then  rapidly 
thermalizcd.  The  slowing  down  process  occurs  in  less  than  10'*'  see. 
It  was  nccessaiy  to  purify  the  argon  by  recirculating  it  over  titanium 
heated  to  about  700‘’  C.  The  numbered  black  lines  indicate  scintilla¬ 
tion  counters,  and  the  stopping  of  a  muonjn  the  gas  target  is  indi¬ 
cated  by  a  coincident  12  but  anticoincident  3  count.  Helmholtz  coils 
are  indicated  which  provide  a  magnetic  field  of  about  4G  perpendic- 


Ficure  5.  Frequency  analysis  for  muonium  precession  experiment.  The 
quantity  x'  is  a  parameter  used  to  account  for  various  experimental  sources 
of  line  breadth. 
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ular  to  the  plane  of  the  diagram.  The  decay  positrons  are  observed  by 
tlie  45  counter  telescojjc  as  coincident  '15  counts  and  tlic  time  delay 
of  the  positron  count  with  respect  to  the  time  of  the  arrival  of  the 
muon  is  measured.  If  polarized  muonium  is  formed,  the  triplet 
Mr  =  +1  state  should  process  in  the  external  magnetic  field.  Since 
the  decay  jxjsitron  is  emitted  prcfeicntially  in  the  direction  of  the 
muon  spin,  this  precession  should  be  observed  from  the  measurement 
of  the  time  distriltution  of  the  tlecay  positions  as  a  modulation  of  the 
muon  lifetime  deray  curve  with  the  characteristic  Larmor  precession 
frequency. 

Figure  5  shows  the  analysis  of  the  data  in  which  the  amplitude  of 
the  frequency  component  is  plotted  versus  the  frctjucncy.  For  case 
II  the  solid  curve  is  the  result  of  a  least  squares  Fourier-type  analysis 
of  the  experimental  data  and  the  typical  error  bar  corresponds  to 
one  standard  deviation.  The  dashed  curve  is  a  theoretical  line  shape 
centered  at  the  muonium  precession  frequency  corresponding  to 
the  measured  value  of  the  magnetic  field.  With  a  field  of  4.5  G  a 
resonance  is  clearly  seen  at  the  predicted  frequency.  Similarly  for 
case  III  for  a  different  field  of  3.9  G  the  resonance  is  seen.  As  ex¬ 
pected,  no  resonance  is  seen  in  case  1  when  pious  arc  stopped  in  the 
target  and  hence  unpolarized  muons  are  obtained.  These  results 
prove  that  polarized  muonium  is  formed  in  argon.  The  data  indi¬ 
cate  that  the  fraction  of  muons  which  form  muonium  is  between 
and  I. 

The  existence  of  muonium  with  its  characteristic  Larmor  preces¬ 
sion  frequency  selves  as  a  proof  that  the  spin  of  the  muon  is'fi/2, 
since  the  approximate  exjjrcssion  for  the  Larmor  precession  fre¬ 
quency  depends  on  the  muon  only  through  its  spin  value. 

HYPERFINE  STRUCTURE  INTERVAL 

In  view  of  the  results  on  muonium  formation  wc  were  encouraged 
to  plan  a  precision  magnetic  resonance  experiment  to  measure  the 
hfs  interval  Ay.  As  was  mentioned,  the  interval  Ar  arises  from  the 
magnetic  interaction  between  the  spin  magnetic  moments  of  the 
electron  and  the  muon,  which  is  different  for  the  triplet  state  in 
which  the  two  spins  arc  parallel  than  for  the  singlet  state  in  which 
the  two  spins  are  aiuiparallcl.  The  interval  Ay  in  muonium  is  analo¬ 
gous  to  the  well  known  hfs  interval  of  1420  Mc/scc  in  hydrogen,  and 
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would  be  expected  to  be  s'bout  4460  Mc/scc  since  the  muon  magnetic 
moment  is  3.18  times  larger  than  the  proton  magnetic  moment. 

The  detailed  theoretical  formula  foi  Avof  muonium  is  indicated  in 
Figure  12  and  is  based  on  the  assumption  that  the  muon  is  a  hea  .y 
electron.  The  leading  bracketed  term  is  the  Fermi  formula  in  which 
a  is  the  fine  structure  constant,  c  =  velocity  of  light,  R»  =  Rydberg 
constant,  and  =  ratio  of  muon  magnetic  moment  to  the  elec¬ 

tron  Bohr  magneton.  The  remaining  terms  include  reduced  mass, 
relativistic  and  virtual  radiative  corrections.  Use  of  known  values 
of  the  fundamental  constants  gives  the  value: 

4463.16  ±  O.IO  hfc/sec(±22  ppm) 

in  which  the  error  arises  primarily  from  uncertainty  in  a.  The  value 
of  a  used  is  that  given  from  the  deuterium  fine  structure  measure¬ 
ment  of  Lambetal. 

The  principle  of  the  experiment  is  simple.  Suppose  we  have  a 
strong  external  static  magnetic  field  H,  along  the  direction  of  the 
spins  of  the  incident  muons;  muonium  will  be  formed  only  in  states 
1  and  4  that  have  nothing  is  done  to  perturb  this  dis¬ 

tribution  of  muonium  states,  the  decay  positrons  will  be  emitted 
preferentially  in  the  direction  of  H.  However,  suppose  a  microwave 
magnetic  field  is  introduced  with  the  proper  Bohr  frequency  so  it 
can  induce  a  resonance  transition  of  muonium  from  one  hfs  state  to 
another— e.g.,  from  state  I  to  state  2.  In  state  2  ihe  muon  spin  points  in 
the  opposite  direction,  having  =r  ~V2>  the  decay  positrons 
from  the  state  are  emitted  preferentially  in  the  direction  opposite  to 
the  direction  of  the  static  field  H.  Hence  an  induced  transition  can 
be  detected  through  the  change  in  angular  distribution  of  the  decay 
positrons. 

Transitions  have  been  studied  both  at  strong  magnetic  field  and  at 
weak  magnetic  field.  Figure  6  gives  the  energy  levels  and  transition 
frequencies.  The  Hamiltonian  includes  the  hfs  interaction,  the  inter¬ 
action  of  the  electron  spin  magnetic  moment  with  the  external  mag¬ 
netic  field  H,  and  the  interaction  of  the  muon  spin  magnetic  moment 
with  H.  The  energy  levels  are  given  by  the  Breit-Rabi  formula  whose 
solution  was  shown  in  Fig.  3  of  the  hfs  energy  levels.  We  take  the 
viewpoint  that  the  electron  magnetic  moment  (or  gj-value)  and  the 
muon  magnetic  moment  (or  g^)  are  determined  in  other  experiments. 
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r'cuu  6.  Energy  Levels  and  Transition  Frequencies. 

so  that  the  measurement  of  a  single  resonance  transition  determines 
the  hfs  interaction  constant  a,  which  is  the  only  unlinown.  The  tran¬ 
sition  obrerved  at  strong  field  is  between  states  1  and  2  with 
=  (V;,.i/a)  and  (i/o.-Vl-)-  The  approximate  frequency  for 
this  transition  is  the  hfs  interval  divided  by  2  plus  the  frequency 
associated  with  muon  spin  flip.  At  weak  field  the  transitions  (F.Mp)  = 
(1,±  l)*-*(0,0)  have  been  observed.  The  resonance  frequency  is  ap- 


SCrnfidtItr 

FicuRt  7.  Experimental  arrangement  for  measurement  of  in  an  experi¬ 
ment  which  employs  a  strong  static  magnetic  field  and  involves  an  induced 
niurowave  transition.  The  scintillation  counters  arc  numbered. 
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proximatcly  the  constant  a,  plus  a  term  associated  with  the  electron 
spin  flip. 

Figure  7  shows  the  experimental  setup.  I'he  muons  arc  stopped  in 
the  high  pressure  argon  gas  target  and  indicated  by  coincident  12 
but  anticoincident  3  counts.  A  split  solenoid  provides  a  strong  mag 
netic  field  along  the  direction  of  the  spins  of  the  incident  muons. 
Microwave  power  can  be  fed  into  a  high  Q  microwave  cavity  con- 
rait.cd  within  the  pressure  vessel.  Decay  positrons  are  observed  in 
the  counter  telescope  54  during  a  time  interval  following  the  arrival 
cf  the  muon.  Observations  arc  made  as  the  field  H  is  varied  with  the 
microwave  frequency  fixed.  The  signal  will  be  the  ratio 


54 

125 

ON 

.Ji 

125 

OFF 

-  1,  which  is  positive  on  resonance. 


Figure  8  shows  a  typical  resonance  curve  for  signed  versus  static 
magnetic  field.  Bars  indicating  one  standard  deviation  error  are 
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Figure  8.  Typical  resonance  curves  for  the  transition  (Mj.Mm)  = 

backward  signal  is  obtained  by  the  observation  of  positrons 
emitted  toward  counter  2. 
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shown  at  the  experimental  points.  1  he  solid  curve  is  a  least  squares 
fit  of  the  theoretical  Lorciuzian  line  shape  to  the  cx|>crimental  points. 
The  amplitude  of  the  signal  is  about  4%  and  agrees  with  the  ex¬ 
pected  amplitude  under  the  assumption  that  all  muons  form  muon- 
ium.  The  width  of  the  curve  is  about  15  G  which  is  due  to  the  muon 
decay  rate  and  to  microwave  power  broadening.  From  such  a  curve 
we  obtain  corresponding  resonance  values  of  microwave  frequency 
and  magnetic  field.  From  these  resonance  values  we  can  compute 
Av  by  use  of  the  fireit-Rabi  formula. 


Figure  9.  Experimental  values  of  Av  versus  the  argon  gas  density.  The  solid 
line  is  the  least  squares  linear  fit  which  was  used  lor  extrapolation  to  zero 
pressure. 

Figure  9  shows  the  results  of  such  Av  measurements  as  a  function 
of  argon  pressure.  There  is  clearly  a  substantial  dependence  of  Av 
on  pressure.  This  dependence  is  the  so-called  hfs  pressure  shift  and  is 
due  to  distortion  of  the  muonium  wave  function  in  the  many  col- 
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lisions  miiunium  makc^  with  argon  adonis  during  its  lifetime.  The 
solid  curve  is  a  straight  line  fit  to  the  experimental  data.  'I'hc  linear 
fit  assiinics  that  only  two-lioily  collisions  and  not  colli.iiions  involving 
tv  o  argon  atoms  arc  important.  Theoretical  estimates  of  three-body 
collisions  as  well  as  a  quadratic  fit  to  the  data  supjsort  this  view.  The 
procedure  of  fitting  the  data  with  a  straight  line  is  also  justified  by 
the  agreement  within  cx{>criinental  error  of  the  hfs  pressure  shifts 
for  muontuin  and  hydrogen  in  argon.  The  value  of  dr  extrapolated 
to  zero  pressure  is  taken  as  dr  for  free  muonium; 

dm  =  4463.15  dr  0.06  Mc/sec, 

in  which  the  error  of  one  standard  deviation  is  due  to  counting 
statistics  and  to  magnetic  held  errors. 

Within  the  past  two  years  extensive  measurements  have  been  com¬ 
pleted  of  transitions  at  weak  magnetic  held  with  dF=:  d:l.  This 
measurement  provides  the  most  direct  dcteiinination  of  dr  The 
principal  technical  piobknis  with  this  experiment  were,  hrst,  the 
requirement  of  a  homogeneous,  stable  low  static  magnetic  held  near 
the  large  synchrocyclotron  magnet.  Second,  the  signal  intensity  is 
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Figure  10:  Kxperimenia'i  arrangement  for  ineasnrcment  of  dr  in  an  experi- 
nieiii  which  employs  a  weak  niagiiciic  held  and  involves  an  induced  micro¬ 
wave  transition. 
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Figure  II.  Muoiiiuin  (lypcrrmc 'rrjn«iiioii. 

sniallfi  (han  that  for  ihc  strong  field  tuuisiliuii  due  to  the  relative 
populations  of  niuunium  hfs  states  and  the  smalt  change  iti  muon 
polarization  accompanying  the  transition.  Figure  10  shows  the  magnet 
arrangement.  There  arc  titrec  inoly  permalloy  shields.  Inside  these 
there  is  a  solenoid  ami  con  et  tion  coils.  This  system  jirovides  an  axial 
magnetic  held  of  about  $  O  with  homogeneity  and  stability  to  better 
than  10  inG.  Figure  II  shows  an  uhserveU  icsuiiance  curve  for  the 
transition  (F,Mr)=:(l,—  l)*-*(0,0)  observed  at  a  field  of  ?.8  (J  fitted 
with  the  thcuietica]  line  shape.  Low  field  data  were  taken  also  for 
unresolved  aF  =:  ±  1  transitions  with  both  argon  and  ktypton  as 
the  stopping  gases. 

Figure  15?  summarizes  the  results  of  the  luuonium  hf  measure- 
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niciits.  Tlif  Vidiics  obtained  from  tlic  high  ficltl  and  low  field  inca- 
snieiiicntu  ate  in  satisf.uioiy  agreciiieiit  am)  give  a  loiiibincd  result 
of 

:=  ■14G3,26  a.  O.O-i  Mt/*cc 

in  whicli  a  one  standard  deviation  ciioi  is  given.  Iliis  value  agrees 
with  the  titeoictieal  value  given  earlier. 

'I'liis  agreement  eonlinns  the  basis  of  the  theory  whieh  was  that  the 
inuun  is  a  heavy  Dirat  partielc  or  heavy  eleetron.  Since  Ai'>i(cx})t)  is 
known  with  abtnit  the  same  aceuraey  as  Arufdieor;.  which  is  liinitetl 
|iriiu  ipaliy  by  our  knowlt  jgc  of »,  we  can  use  Ai'u(exj)t)  to  determine 
an  alternative  value  of  the  fine  siiucinrc  constant,  t  he  theoretical 
formula  for  Ar  is  given  in  Figuic  IL’.  .After  the  least  well  known 
constant  aj*|)carittg  is  the  muon  inagiietic  iiiomein  or  actually  the 
ratio  of  the  muon  to  proton  niagtictic  inomcnis.  This  latio  is  ob¬ 
tained  fioni  the  measurctl  latioof  the  precession  frctiucncy  of  muons 
stopped  in  water  to  the  proton  resonance  frctpicncy  in  water.  Since 
the  (hcniistiy  of  muons  in  watei  may  be  rlifleient  from  the  i  hemisli  y 
of  protons  in  water  cine  piiiicipally  tti  the  dilicrent  vibrational 
energies,  the  magnetic  shielding  of  the  proloit  and  the  muon  may  be 
different.  The  value  showti  is  meant  to  he  a  limit  of  ciror  to  take  ac¬ 
count  of  tliis  ambiguity  as  well  as  two  si.indaid  deviations  in  tlie  ex¬ 
perimental  errors,  ffciitc  wc  obtain  tlic  value  of  o  shorvn  with  a  lintit 
of  error  of  18  ppm.  Other  deferniinattoiis  of  a  are  given  in  Figure  15. 
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Except  fur  the  early  cxpciiinciu  on  dctuoioiii  fine  sirti<  i\nc'  all  (lie 
values  of  o  arc  in  good  agiccinent. 

MUONiUM  CHEMISTRY 

Miiotlinin  tvill  behave  as  a  liglit  isotope  of  liydiogen  uiih  regard 
to  its  cituuiic  intcraeiiuns  and  rhcinicd  leattioin  since  the  nuiun 
mass  is  207  times  the  electron  mass  and  sinee  the  n>.ocm  mean  life- 
tiinrul  2.2  i^see  is  long  conipaied  to  (he  elcciron  atomic  orbital  limes. 
In  the  hisioiy  of  tfie  discuveiy  of  iniioniom,  theinisii  y  played  an  im¬ 
portant  negative  role  and  many  post-parity  cx|>i'iimrnt.s  which 
scardied  fui  the  cliaiacteiistic  nitionitim  piciession  fie<|uency  failed, 
due  to  the  siibserpient  cheniital  leactionsol  miionuini  svith  molecules. 
As  1  tnenliuncd,  it  was  nccessaiy  to  )uirify  the  argon  gas  in  order  to 
observe  the  miionium  preression  and  the  hfs  transitions. 

Figure  H  shows  data  on  explicit  studies  of  the  interactions  of 
muonium.  The  amplitude  of  the  icsonance  signal  foi  a  strong  field 
iraihiiioii  is  shown  as  a  function  of  the  cuniciUiatiun  of  various 
molecules  introduced  in  .small  (i actional  amounts  as  impurities  in 
the  argon.  Note  that  the  resonance  signal  is  decreased  by  ilic  addition 
of  0|  and  NO,  and  with  less  effectiveness  by  C,n«  (ethylene);  H* 

•  0| 


FmuNE  1-1.  Resonance  signal  for  the  transition  (Mj,M^)  =  d.-jd,!)*--* 
5200  G  versus  impuiity  cuuceiitiatiuii,  llu-  solid  curves  arc 
fitted  theoretical  curves  which  involve  die  signal  quciuliing  cross  Kction 
as  a  pannieter. 
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docs  not  aflcct  the  signal.  Decrease  of  the  resonance  signal  implies 
collisions  which  remove  rmtoniuni  from  the  re.'onant  states.  In  the 
theory  of  tiie  line  shape  the  collision  rate  can  be  added  to  the  muon 
decay  race  and  the  data  car  be  analyzed  to  yield  a  cross-section  for 
signal  (juenching. 

For  thermal  m  ionium  the  Born  Oppenheimer  approximation  is 
valid  as  it  is  for  liydrogeii.  As  to  the  nature  of  the  reactions,  NO  and 
O2  are  paramagnetic  with  free  electron  spins  and  we  expect  that 
electron  spin  exchange  will  dominate.  This  reaction  is  determined 
by  the  Coulomb  interaction  and  the  Pauli  exclusion  principle.  The 
exchange  of  the  muoniiim  electron  with  an  argon  electron  can  result 
in  the  transference  of  muonium  from  one  hfs  state  to  another.  C2H4 
is  an  uns'uuiated  hydrocarbon  and  in  a  collision  with  muonium  we 
believe  that  a  iviuoiiium-containing  molecule  is  formed.  For  Hj  there 
is  no  reaction.  Ho  is  not  paramagnetic  so  electron  spin  exchange 
cactions  are  not  possible.  Furthermore,  a  reaction  such  as  M  -f-  H2 
-*  MH  -j-  H  is  energetically  forbidden  for  thermal  muonium  be¬ 
cause  of  the  high  zero  point  vibrational  energy  of  MH. 

A  simpler  method  of  studying  tne  nolecuiar  interactions  of  muon¬ 
ium  involves  the  measurement  of  the  polarization  of  the  muons  as  a 


Figure  15.  DepoIariz.Ttion  factor.  I  —  versus  time  for  NO  where  X2 
the  fitted  dcpolarizstion  rate,  under  the  assumption  that  the  muon  depolar¬ 
ization  varies  as  P  =:  PuO"  . 
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function  of  time  and  of  impurity  concentration  by  use  of  a  precision 
digital  time  analyrer  following  the  scintillation  counters.  The  method 
is,  of  course,  based  on  the  fact  that  a  change  in  muon  polarization 
implies  a  change  in  positron  angular  distribution.  Figure  15  shows 
such  data  for  NO.  Depolarization  is  plotted  as  a  function  of  time  dur¬ 
ing  a  period  of  several  muon  mean  lives  for  two  different  NO  con¬ 
centrations;  for  the  lower  curve  the  pressure  of  NO  was  0.13  mmHg 
and  for  the  upper  curve,  0.37  mmHg.  Typical  statistical  errors  are 
shown.  The  solid  curves  arc  simple  exponential  functions.  If  the  re¬ 
action  mechanism  is  electron  spin  exchange,  the  theoretical  curve  is 
an  exponential  and  the  coefficient  in  the  exponent  is  proportional  to 
the  electron  spin  exchange  cross-section. 

A  more  detailed  study  of  the  nature  of  the  depolarizing  collisions 
can  be  made  by  observation  of  the  depolarization  rate  as  a  function 
of  the  static  magnetic  field.  At  strong  field  an  electron  spin  exchange 
collision  will  leave  the  muon  spin  direction  unchanged  and  hence 
the  effective  depolarizing  cross-section  will  be  zero.  At  weak  field,  on 
the  other  hand,  the  coupling  of  the  electron  and  muon  spins  by  the 
hfs  interaction  results  in  a  change  of  muon  spin  direction  when  an 
electron  spin  exchange  occurs.  The  variation  of  depolarizing  cross- 
section  as  a  function  of  magnetic  field  depends  only  on  the  spin 
eigenfunctions  and  is  simply  predicted.  Figure  15  shows  data  for  NO, 
which  has  a  single  free  electron  spin— *ir  state -as  a  function  of  H. 
The  experimental  points  are  in  good  ag^  ,nt  with  the  theoretical 
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Fiouak  10.  Dcpolarizatiiui  rate  per  imimriiy  molecule  versus  magiietir  field. 
The  solid  curs  e  is  a  fitted  ilicoreiical  cune. 
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solid  curve  and  hence  the  spin  exchange  nature  of  tlic  collision  is 
confirincd.  Similar  ronfirinaiion  has  been  established  for  O^j. 

Figure  17  siinimari/es  the  data  on  imioniinn-inolecuic  eross  scctions 
obtained  thus  far.  For  NOo  sve  have  a  lorvcr  limit  of  23  x  10'*®  cm* 

Muonium  -  Mol«cul«  Croti  Stctloni  In 
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Figure  17. 

from  the  resonance  signal  quenching  data  and  we  believe  the  rearti'^n 
is  NO2  -f  M  ->  NO  -f  OM.  For  Oj  and  NO  the  reaction  mechanism 
is  an  electron  spin  exchange  reaction  and  the  cross-sections  are  5.9 
and  7.1  x  lO'*®  cm*  for  NO  and  O^.  Corresponding  spin  exchange 
cross-sections  for  H  with  NO  and  Oj,  measured  wiih  the  use  of  the 
hytlrogcii  maser,  arc  about  3  or  4  times  larger  than  for  muonium.  VVe 
believe  this  difference  is  due  to  the  fact  that  for  a  given  kinetic  energy 
Af  and  H  have  different  momenta  and  hence  different  numbers  of 
partial  waves  contribute  to  the  reaction.  For  C2H4  the  cross-section  is 
0.29  X  10'*®  cm*  and  we  believe  that  a  muoniuni-containing  molecule 
is  formed.  No  reaction  was  observed  for  Ho,  N^,  and  SFe.  The  absence 
of  a  ’-eaction  for  Ho  was  discussed  and  similar  remarks  apply  to  No. 

Our  work  on  muonium  chemistry  is  in  an  early  stage  and  a  rich 
variety  of  reactions  could  be  studied  and  compared  with  those  of 
hyciiogcn.  Indeed,  in  some  ways,  muonium  chemistry  is  easier  to 
study  than  H  atom  chemistry  because  the  behavior  of  a  single  muon¬ 
ium  atom  can  be  detected  through  its  energetic  positron  decay  by 
the  methods  of  particle  physics. 

ML'ONIUM-ANTIMUONIUM  CONVERSION 

Muonium  provides  an  interesting  system  for  study  of  the  weak 
interactions,  or  of  the  nature,  of  the  muon  quantum  number  (Figure 
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18).  The  conversion  of  muonium  to  antimuonium  (p-'e*)  would  vio¬ 
late  the  usual  additive  law  of  muon  number  conservation  but  would 
be  allowed  by  a  multiplicative  law  of  muon  number  conservation, 
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svhich  would  be  consistent  with  present  knowledge  about  the  weak 
interactions.  A  Hamiltonian  term  which  couples  M  and  Nf  is  shown, 
and  the  value  of  the  matrix  clement  is  shown  for  the  case  in  which 
the  coupling  constant  is  taken  as  the  universal  Fermi  constant  Cy. 

Muoniiiin  and  antimuonium  are  degenerate  as  regards  their  electro¬ 
magnetic  interaction.  If  initially  M  is  formed,  then  due  to  the  coup¬ 
ling,  a  component  of  Kl  is  formed  in  the  wave-function.  Hence  there 
is  a  probability  that  muon  decay  will  occur  in  the  M  mode  with  the 
emission  of  an  energetic  electron.  This  probability  P{M)  is  2.6  x  10'® 
for  ir.uonium  in  vacuum.  In  the  presence  of  a  gas  the  degeneracy  of 
M  and  is  removed  due  to  the  different  electromagnetic  interactions 
of  ,M  and  SI  with  atoms— e.g.,  argon.  Hence  the  development  of  the 
component  k  inhibited,  and  P(ST)  is  reduced  by  the  factor  1/N, 
the  nuinocr  ot  collisions  of  the  M-M  system  with  Ar  atoms  during  its 
lifetime.  The  collisions  of  the  antiatom  M  with  Ar  are  dominated 
by  .in  inelastic  rcariangcment  collision  in  which  the  muonic  argon 
atom  is  foriied.  Hence  the  argon  gas  will  change  the  mode  of  hi 
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decay,  since  n'  nucleus  capiiire  will  predominate  over  m"  decay.  We 
have  (lone  an  expetimcni  to  search  for  the  characteristic  muonic  Ar 
X-rays  as  a  sensitive  test  for  the  M— »  ^  conversion,  and  have  estab¬ 
lished  that  Guij  is  less  than  several  thousand  times  the  universal 
Fermi  coupling  constant  Gy 

FUTURE 

As  to  future  work  on  muonium  let  me  just  remark  that  all  our 
work  has  been  done  with  only  about  IQi®  muonium  atoms;  work  on 
the  hydrogen  atom,  on  the  other  hand,  has  available  hydrogen  atom 
beam  intensities  of  Ifli*  atoms/sec.  Research  on  muonium  is  now 
severely  limited  by  the  number  of  muonium  atoms  available  or  by 
muon  beam  intensities.  When  higher  intensity  accelerators— so-called 
meson  factories— get  built,  great  improvements  and  extensions  of 
studies  of  muonium  will  be  possible. 
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